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Resum 
 
 L’estudi aquí presentat pretén millorar les qualitats dels àrids reciclats mitjançant un 
tractament superficial. La metodologia desenvolupada ha posat en pràctica diferents mètodes 
d’impregnació utilitzant àrids reciclats de diferent procedència i productes d’impregnació 
altament putzolànics. 
 Avaluats cadascun dels mètodes d’impregnació estudiats, l’assaig dinàmic de doble 
impregnació ha estat el més efectiu, obtenint així resultats satisfactoris. Aquest assaig realitzat 
engloba dos tipus d’impregnacions, primer una impregnació amb hidròxid càlcic i després una 
impregnació amb la sílice colloïdal, un material altament reactiu amb partícules entre 10 i 20 
nm, totalment amorf. 
 Aquesta tècnica d’impregnació prèviament citada, millora de forma clara les propietats 
mecàniques dels àrids reciclats de formigó. Aquest increment de resistència, mesurat 
mitjançant l’assaig crushing factor, ha sigut conseqüència directa del desenvolupament de la 
reacció putzolànica i de la funció de la sílice colloïdal com a filler. 
 A més, amb el fi de comparar la els resultat obtinguts, també s’han realitzat assajos 
parallels amb àrids naturals procedents de cantera.  
 
PARAULES CLAU: àrid reciclat, residus de construcció i demolició, putzolànics, sílice 
colloïdal, impregnació 
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Abstract 
 
The study here presented aims to improve the recycled aggregates quality through surface 
treatment. The developed methodology has put into practice different impregnation methods 
using recycled aggregates of various origins and highly pozzolanic impregnation products.  
 After evaluating each of the studied impregnation methods, the rotating double 
impregnation test has been the most effective, providing with the most successful results. This 
test included two types of impregnations: a calcium hydroxide impregnation first and afterwards, 
a colloidal silica impregnation. The colloidal silica is a highly reactive material with a particle size 
between 10 and 20 nm, totally amorphous. 
 The impregnation technique aforementioned clearly improves the mechanical properties 
of the recycled concrete aggregates. This increase of resistance, evaluated through the 
crushing factor test, has been a direct consequence of the pozzolanic reaction developed, and 
the function of colloidal silica as filler. 
 In addition, in order to compare the results obtained, parallel tests with natural 
aggregates from quarry were also carried out.  
 
KEYWORDS: recycled aggregates, construction and demolition waste, pozzolanics, colloidal 
silica, carbonation, impregnation 
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Chapter 1 
 
Introduction and aims 
 
1.1 INTRODUCTION 
 
In recent years, in a drive to increase environmental sustainability, better ways to 
manage Construction and Demolition Wastes (CDW) have been explored. 
Recycled aggregates (RA) are inert materials mostly originated from CDW. In broad 
terms, the CDW can be anything ranging from broken concrete and bricks from demolition sites, 
excavated materials from foundation work sites to broken up road surfaces resulting from the 
road maintenance, etc. CDW use is increasing over time, proportionate with the development of 
the towns and the countries. From here, it is clear the need to find an appropriate destination for 
these wastes. Reducing, reusing and recycling appear to be the best option, thus, also 
increasing the lifetime of landfills and reduce exploitation of the natural resources. 
The earliest data of the applications of recycled aggregate materials in construction 
started to the 1920s in Holland, when demolished rubble and slag were processed as 
aggregates in the so-called gravel concrete used for the residential building construction. At the 
end of World War II, Netherlands used the rubble as a base material and as an aggregate for 
concrete and asphalt. Besides, Germany between 1945 and 1955 used 123 million m3 of 
masonry aggregates in concrete applications. On the other hand, around the 1970s, in the 
Netherlands, the concern about quarry extractions created problems; many protests based in 
the preservation of the landscape and the fear of upsetting the biological balance took place. In 
1978 the National Commission for Coordination of Soil Extraction Policies proposed measures 
to reduce the need for the extraction of minerals, such as importing natural materials and use 
alternative materials. In 1979, the Waste Materials Act was passed, with two clear objectives: 
achieving an efficient processing waste material, and reusing the waste material. Finally, in April 
1998, the environmental legislation became more rigorous, preferring the reusable waste and 
forbidding the dumping [1].  
Currently, there are several factors that lead to the use of waste materials as concrete 
aggregate or reused material in subbases to roads, etc. The main advantages of using recycled 
aggregate concrete in the construction industry are of sustainable values and environmental 
issues. The wastes from construction and demolition works are of large volume and increasing 
over time. To overcome this issue, sustainable concrete construction is one of the strategies to 
be considered by the construction industry. One way of achieving this is to introduce recycled 
aggregates from these wastes of construction and demolition works into the production of 
concrete.  
Chapter 1. Introduction and aims 
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The replacement of the natural aggregates at the concrete production through the use 
of recycled aggregates, have become a popular topic among researchers nowadays. Until now 
the recycled aggregates have had different properties as opposed to the natural aggregates, 
fact that prevents its utilization in the concrete production. 
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1.2 AIMS OF THE RESEARCH 
 
1.2.1 Objectives 
The main objective of this research is to improve the quality of recycled aggregates, 
researching the effectiveness of surface treatments through impregnations tests. 
 
1.2.2 Significance  
Leaving aside the current economical crisis, the concrete production is very important. 
This fact means that the aggregates, the main component of concrete, are much demanded.  
Because of the fact that, in some countries, the natural aggregates are a scarce 
resource, and also because the surface extractions destroy the landscape and upset the 
biological balance, it is necessary to find a new source of aggregates to guarantee the concrete 
production. The new source has accomplished two main goals: on the one hand, to maintain the 
price of concrete, which until now was the cheapest construction material; and on the other, to 
preserve the environment, without creating piles of waste over the world. 
Because it is necessary a new source of aggregates I hope that this research will be a 
small contribution in the advance of the utilization of the recycled aggregates as construction 
material in the future.  
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Chapter 2 
 
State of the art 
 
2.1 RECYCLED AGGREGATE 
 
The Construction and Demolition waste can approximately be classified into soft 
materials and hard inert materials. They are usually materials derived from rocks and broken 
concrete. These hard inert materials are suitable for works of recycling, and with proper sorting 
and tests, can be further used as aggregates in concrete production or other uses.  
Before the Construction and Demolition waste materials can be recycled and reused, 
they have to undergo sorting and processing, a common processing method is to crush the 
materials in recycling plants. In the process, the materials are broken into different sizes, sorted 
and selected for their target uses.  
 
2.1.1 Background of recycling aggregates in Europe 
According to the data published by European Aggregates Association (UEPG) in the 
annual review 2010-2011, representing the Members of the European Aggregates Industry, 
Spain among them, we can say that the Europe Union still have a lot of work to achieve 
acceptable rates of recycled aggregates produced and used. The diagram 2.1, illustrates the 
current sources, intermediate and final uses of aggregates. It diagram shows, the aggregates 
are produced from crushed rocks, sand-gravel, recycled aggregates from CDW, marine 
aggregates and manufactured aggregates. All of these raw materials are processed to obtain 
different types of products or materials such as precast concrete, structural materials, asphalt 
products, etc. Afterwards, these obtained materials can be used in buildings, infrastructures, 
roads, etc. 
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Diagram 2.1. The current sources, intermediate and final uses of aggregates 
(The European Aggregates Association, Annual review 2010-2011) 
 
For further clarification, the charts below show the mineral waste produced in Europe 
and its recycling rates by Country for 2006. 
 
Graph 2.1. Waste accumulation,minerally (bn. tons)  
(European Quality Association for Recycling, 2006) 
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Graph 2.2. Recycling Rates of mineral wastes  
(European Quality Association for Recycling, 2006) 
We can see that Netherlands is the country with the highest percentage of recycled 
aggregates, but it is France and Germany the countries which have the biggest amount of 
recycled aggregates against the total amount of mineral waste. These results are a direct 
consequence of the economy growth of every Country. 
The most recent data obtained from the EQAR-Congress (May 2011), of the conference 
given by Sr. Gunther Wolff confirm that, Germany, Belgium, the Netherlands and Denmark have 
recycling rates higher than 80%, against Spain, Portugal, Cyprus, Hungary, Poland or Greece 
with rates lower than 20%. 
Studying in detail the aggregates from Construction and Demolition in Spain, according 
to the last publication for the GERD (Asociación española de gestores de residuos de 
construcción y demolición), in Nov. 2010, in Spain between 30 and 40 millions tons of 
Construction and Demolition Waste (CDW) are generated every year.   
Currently in Spain there are 156 plants for the recycling of CDW, most of which are 
located in Catalunya and Madrid. 
The current rate of recycling in Spain is between 15% and 20% of the total production, 
as compared to the European average production of 45%, although some Countries such as 
Netherlands or Germany achieve rates closer to 80%. 
The aforementioned 15% of CDW recycled is transformed in different products. About 
35% of it is commercialized as recycled product (bases and subbases of roads, drainages, 
sands and gravels, fill, soil base, etc.); another 40% of it is destined to fillings and restorations; 
the remaining 15% from the mix fraction is recovered and sorted as a plastics, woods, metal 
materials, etc.; and the rest of the waste is discarded and disposed of.[2] 
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aggregates become an attractive alternative. But on the other hand, where there is abundance 
of quarries, the commercialization of recycled aggregates is more complicated. 
 
2.1.2 Types 
The recycled aggregates have two basic classification criteria, on the one hand the 
particle size distribution on the other, the material composition.  
The composition allows us to determine the percentage of the weight for each of the 
different materials that are usually contained in the recycled aggregates. 
In particular, the materials most commonly found are the stone without adhered mortar, 
concrete, ceramic materials, asphalt, and other minority but damaging materials (waste, 
gypsum, organic mattered), which can not to exceed the 1%. 
According the classification done by El Proyecto GEAR, the recycled aggregates can be 
classified in five groups: 
 
TYPE DESCRIPTION 
QUANTITY OF ELEMENTS (% of total weight) 
Ru  
(Stony 
products) 
Rc  
(Concrete 
and mortar) 
Rb  
(Ceramic) 
Ra 
(Asphalt) 
X  
(Others) 
Ar H 
Recycled concrete 
aggregate 
≥  90% ≤  10% ≤  5% ≤  1% 
ArM H 
Mix recycled concrete 
aggregate 
≥  70% ≤  30% ≤  5% ≤  1% 
ArM C 
Mix recycled ceramic 
aggregate 
< 70% > 30 % ≤  5% ≤  1% 
ArM A 
Mix recycled asphalt 
aggregate 
- - 5% - 30% ≤  1% 
MI Inert material - - - ≤  5% 
 
Table 2.1. Recycled aggregates classification (Proyecto GEAR)  
  
2.1.3 Production 
The processes for the production of recycled aggregates are carried out in plants of 
treatment which are similar to the plants of crushing of natural aggregates. These include five 
stages in the recycling process of construction and demolition waste and they done in the 
following order: 
 1. Coarse separation 
 2. Crushing 
 3. Separation of ferrous elements 
 4. Screening 
 5. Removal of impurities by air separation  
 
During the coarse separation the debris is chopped smaller so as to go smoothly into 
the crusher inlet. The crushing can be also performed by squeezing, impacting and grinding. 
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To obtain a decreasingly sized product three different crushing stages, take place 
primary crushing, secondary crushing and milling. 
Particle size distribution classes are determined during the screening operation. If 
necessary, impurities like wood, plastic and paper can be removed. Air separation technique is 
more convenient than the washing separation which is more expensive. The process ends with 
the storage of the products. 
It is difficult to take a scheme of a plant of CDW recycling as a reference, since every 
plant is a fruit of the needs of every zone where it is implanted, and adapted to give the 
maximum of performance, bearing in mind CDW material that comes to it.  
These plants of CDW recycling to obtain aggregates are already mobile, semimobile or 
fixed. They use basically an equipment of pre-screening, one o more of crushing, one for the 
magnetic separation and one by the sifted end. 
As it has already been mentioned, the recycling aggregates production has two 
differentiated parts to obtain good and clean aggregates. The first step is the sorting in the 
construction work or outside the recycling plant and afterwards its material is treated in the 
recycling plant. 
Below there are some photos that show the different types of recycled materials storage 
around the recycling plant.  
 
 
 
 Fig.2.1. Recycled ceramic aggregates  
 
 
 
 
 
 
 
Fig.2.2. Recycled concrete aggregates  
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Fig.2.3. Mix recycled aggregates 
 
2.1.3.1 Types of plants 
 
Stationary general plants  
Stationary plants of treatment manage very heterogeneous waste kinds. The 
heterogeneity of the CDW forces to equip the plant with machinery of great hardiness and 
oversized for the nominal capacity foreseen in other applications. 
When a location is chosen to build a CDW's plant, it is necessary to estimate not only 
the quantity of CDW's generated in the radius of influence of the plant, but also the production 
of recycled material that can be in use in the construction around it. 
 
Stationary plants are permanent installations equipped with conveyor belt, several sifts 
and frequently two different types of crushing machines. 
 
Stationary laboratory plants  
On the other hand, the stationary laboratory plants. Photographs can be seen below of 
two of the biggest real size laboratories to produce recycled aggregates in Europe, both located 
in Germany. 
 The criterion to choose the type of machine of processing can be summarised as 
follows: 
- Resistance of the material 
- Hardness of the material 
- Quantity of material 
- Principal properties of the material 
- Size and form wished finals 
- Wished purity 
- Heat reached during the process 
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First, there is the recycling 
laboratory of the Bauhaus University, 
situated in Weimar (Germany). This 
laboratory belongs to the university, 
and they have several processing 
machines to study and develop projects 
and researchers to go to the recycling 
construction and demolition sites.  
 
 
 
  
 
                                              Fig.2.4. Recycling Laboratory  
            in Bauhaus University (Weimar) 
 
Below there is a diagram with all types of machines to process the CDW. 
 
 
 
 
 
  Example of Jaw crusher           Example of Impact crusher       Example of Roll crusher 
 
 
Fig.2.5. Processing machine for coarse crushing 
 
 
 
 
 
Coarse 
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crusher
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                       Example of Ball mills                         Example of Other mills      
 
 
 
 
 
 
 
 
 
 
Fig.2.6. Processing machine for fine crushing 
 
 
 
Fig.2.7. Processing machine for classified 
 
 And here can be seen the 
Verfahrenstechnik für rohstoffe UVR-FIA 
situated in Freiberg (Germany), a private 
company that studies the mineral/material 
processing, developing projects for the 
universities and researching for other 
companies. This three-storey laboratory is 
divided in two sections so they can carry out dry 
and wet processes and at the same time. In the 
ground floor there are the sorting machines, in 
the first floor the crushing machines and in the 
third floor there is the entrance of the material 
and the expulsion of the dust.  
 
             
 
 
             Fig.2.8. UVR-FIA Laboratory in Freiberg 
Fine 
crushing
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Mobile Plants 
The mobile plants have the advantage 
of being able to be temporarily placed in the 
center of waste generation, hence maximizing 
the availability to fully load. The mobile plants 
are mobile or semi-mobile machines sized for 
the road transport. These machines are less 
expensive and easier to handle than the fixed 
ones, even though they are also less efficient.  
 
   
                                                                         Fig.2.9. Mobile plant, single machine 
 
It is possible to use them inside the demolition site thus avoiding excessive handling of 
the debris and considerably reducing the cost of transport. A mobile plant for construction and 
demolition waste recycling is made basically of a crusher with a magnetic separator and a 
vibrating screen for the particle size distribution classification. 
 
These machines are positioned next to each other to make up a recycling station. The 
crusher and the screen are usually separated. Nowadays, it is possible to find a single machine 
with crusher, magnetic separator and screen.          
 
2.1.4 Properties 
The European rules, established by the European Committee for Standardization 
(CEN), define the recycled aggregates as an aggregate resulting from the treatment of the 
inorganic material previously used in a construction process. These materials have differential 
characteristics when compared to the natural aggregates.  
 
DIFERENTIAL CHARACTERISITCS 
Minor density that natural and artificial aggregates 
Pozzolanic properties 
Major draining capacity 
Control of the productive process and the quality of the product 
Price more competitive 
Table 2.2. Differential characteristics of recycled aggregates (Proyecto GEAR)  
 
2.1.4.1 Particle size distribution 
The particle size distribution of the recycled aggregate mainly depends of the crushing 
process. According to the ache M-11 [3], the finesse modulus in recycled aggregates only 
presents a few differences with that of the natural aggregate, depending basically of the 
crushing process and the quality of the original concrete. The values oscillate around 6,8 for 
sizes of 20 and 25 mm.  
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2.1.4.2 Shape and superficial texture 
The mortar that remains adhered to the recycling aggregates causes its texture to be 
rougher and porous than the one of natural aggregates. On the other hand, the shape 
coefficient is similar at the natural aggregates, lower at the limit 0,20 established by the EHE. 
And the slab rate, lower than the natural aggregates and the EHE value, is around 7-9%. 
 
2.1.4.3 Water absorption and Density 
The water absorption is defined as the absorption rates of water by aggregate. It is 
determined by measuring the increase in mass of an oven dried sample when immersed in 
water for 24 hours. The ratio of the increase in mass of the sample, expressed as a percentage, 
is termed of absorption as the standard procedure is prescribed in standard UNE-EN 1097-6. 
The absorption rate not only affects the bond between the aggregate and cement paste but also 
the specific gravity of the aggregate. When the water absorption of the aggregate is higher, it 
will decrease the workability of fresh concretes. 
The water absorption is the physical property of recycled aggregate which shows more 
difference with the natural aggregate. The habitual rates of absorption are comprised between 
4-10%, in a lot of cases failing the limit of 7% established by the annex 15 of the EHE. 
The absorption rate produces the effect of having to control the mix proportions of water 
content and to maintain water-cement ratio constant. That means, in concrete design, the 
higher absorption raises the issues of workability and water demand. 
The density or specific gravity of an aggregate is defined as the ratio of the mass of 
solid in a given volume of sample to the mass of an equal volume of water at the same 
temperature. The specific gravity is clustered under three different conditions namely bulk, 
apparent and saturated specific gravity. The bulk specific gravity is where the specific gravity of 
the aggregate is determined under the natural environment. The apparent specific gravity is 
determined after the aggregate is oven dried for 24 hours. The saturated specific gravity is 
determined when the aggregate is under the saturated condition. The specific gravity of an 
aggregate gives valuable information on its quality and properties and it is seen that the higher 
the specific gravity of an aggregate, the harder and stronger it will be.   
The density of the recycled aggregates is lower than the one of natural aggregates, 
because of the fact that the cement paste remains stuck at the grains and because there are 
some impurities of lower density, as asphalt or bricks. 
According of some studies developed, the possible densities range between 2,07-2,65 
kg/dm3, for the aggregates to be considered within rates of normal density. A density higher 
than 2,00 kg/dm3, such as the standard UNE-EN 1097-6, is the established rate for the 
aggregates to make concrete. 
 The main factors to influence the density or absorption of recycled aggregates are the 
size of the sample, the technical processing used on the aggregates production, the 
contamination degree of the aggregate and the properties of the concrete of origin. 
The fine fraction presents a lower density and a higher absorption than the coarse 
fractions, due to the fine fractions containing a higher amount of cement paste. 
On the other hand, concrete of lower w/c produces aggregates of higher quality, with 
higher density and a lower water absorption rate.  
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To summarize, we can say that we the crusher process carried out with successive 
stages of crushing helps remove more content of cement and therefore, the water absorption 
decreases and the density is increased, thus reaching values similar to those of the natural 
aggregates. 
 
2.1.4.4 Determination of resistance to fragmentation 
According to the standard UNE-EN 1097-2, to determine the resistance to 
fragmentation of aggregates, there are two available methods:, the Coefficient of the Angeles 
test and the Aggregate Impact Value test. 
Currently in Spain the reference test is the Los Angeles Coefficient. It is the difference 
between the original mass of the aggregate and its mass after being submitted to an abrasive 
load and then rejecting the material that goes through the sieve 1,6 UNE expressed as a 
percentage of its initial mass. 
The value expected for the recycled aggregate can be placed within a very wide range, 
of 25-42 %, depending basically on the size of particles and on the quality of the original 
concrete. 
Generally the Los Angeles Coefficient increases in the fractions of smaller size. The 
EHE establishes a maximum value of 40% to be able to apply it to make new concrete 
 
2.1.4.5 Determination of Crushing Value 
In aggregate crushing value test, the aggregate is subjected to 400 KN compression 
load in a cylindrical mold. The crushing value is defined by the percentage of loss in mass on 
2.50 mm size of test. Bigger percentage of aggregate crushing value means the aggregate is 
inferior in quality. The standard BS 882:1992 corresponding with the Spanish standard UNE 83-
112-89, states that the aggregate with a crushing value lower than 25% can be used in heavy 
duty floor; a crushing value higher than 30% means the aggregate can be used in concrete for 
wearing surfaces; and when higher than 45% it can be used for other concrete purposes. The 
experimental result shows the crushing value of natural aggregate is 16.33 % and recycled 
aggregate is about 30.00 % meaning that natural aggregate is better than recycled aggregate, 
as was to be expected, but the difference is not very significant.  
 
2.1.4.6 Chemical properties and Durability 
 
Chloride content 
The recycled aggregates can contain an appreciable amount of chlorides, mainly if the 
raw material is a concrete from maritime building works, bridges or pavements exposed to the 
thaw salt. It could be necessary to also identify the total chlorides contents in the aggregate, 
due to the possibility that the combined chlorides can be reactive and damage the bars. 
The chloride content of recycled aggregates is a matter of concern if the material is 
going to be used in reinforced concrete. Chloride concentration just after mixing is situated 
around to the 0,001-0,005%, for concretes not exposed to the aforementioned conditions. The 
presence of important amounts of chloride destroys a passive layer of reinforcing bars and 
induces corrosion of the reinforcing bars and a risk of an alkali-silica reaction is possible.  
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The standard UNE-EN 1744-1:99 and UNE 112-010:94, establishes the proceedings to 
determine the chloride content. 
The EHE allows a maximum content of soluble chloride in water for the coarse 
aggregates a 0,05% for reinforce concrete and 0,03% for the pretest concrete. For the mass 
concrete the value is 0,15%. 
 
Sulphate Content 
The recycled aggregates can contain a large content of sulphates, as do natural 
aggregate. Sulphates are added to the aggregate through cement paste and contaminants as 
the gypsum when the concrete comes from buildings. 
The sulphate content usually refers to the total acid soluble sulphate content expressed 
as a percentage of SO3. The presence of large amounts of soluble sulphate in new concrete 
made with ordinary Portland cement may result in cracking and expansion. This is a result of 
their ability in the presence of excess water to react with the calcium aluminates to form 
ettringite, increasing the volume and crating internal forces in the hardened concrete. 
The Spanish standard fixes the limits of total sulphate compounds in 1% and the 
sulphates soluble in 0,8%. The recycled aggregate can achieve these values [3]. 
 
Frost resistance 
The frost resistance of CDW is not satisfying, and their use in structures exposed to 
severe climate is not recommended. The main reason is the high total W/C, inducing higher 
porosity and lower mechanical characteristics of CDW, as well as the low frost resistance of RA.   
The unsound particles that they can contain, might be deteriorated by the repeated 
action of the freezing–thawing cycles. Besides, the water into the surrounding cement paste 
during the freezing period also could contribute to the frost damage. 
Therefore, the frost resistance criteria should be determined taking into consideration 
the expected exposure conditions. 
After considering all the data previously exposed, we can draw the conclusion that it is 
very important witch method of evaluation is chosen to determine the resistance to the frost of 
the recycling aggregates. Among all the non-destructive methods, the length change of 
concrete sample is the most accurate index of internal microcracking due to freezing–thawing 
cycles and seems to represent most adequately the RAC frost resistance. 
Unfortunately, this is a laboratory test difficult to be conducted in situ. The change of the 
mechanical characteristics is significant only at an advanced stage of degradation and, 
therefore, cannot be used as a reliable criterion for frost resistance 
 
Alkali- Aggregate Reactivity 
Alkali- Aggregate Reactivity is a reaction between the active mineral constituents of 
some aggregates and the sodium and potassium alkali hydroxides and calcium hydroxide in the 
concrete, giving place to a gelatinous compound that produces expansions in the concrete. 
There are two types of reactions, the Alkali-Silica and the Alkali-Carbonate. 
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The utilization of recycling aggregate can favour these reactions, as it adds a high 
content of alkalis such as the stick cement paste. 
According to the recommendations of the RILEM, for any class of exhibition different 
from class corresponding to dry environment, it will be necessary to make tests to verify the 
resistance of the concrete to the reaction alkali – aggregate. 
 
2.1.4.7 Adhered mortar 
The quality of recycled aggregate concrete is determined by the mortar or cement paste 
contents that are porous. The amount of mortar and cement paste contents is a representative 
trait to express the quality of the recycled aggregate.  
There is a great variation in the results of the tests to determine the quantity of adhered 
mortar due to the fact that a normalized procedure does not exist. 
In the coarse fractions, 10-20 mm, the habitual values ranged between 23-52%, 
whereas in the finer fraction, can ascend until 32-61%. 
For the all exposed reasons it is advisable not to use finer recycled aggregates. 
 
2.1.4.8 Content of soft particles 
According to the standard UNE 7134:58, the content of soft particles for the recycled 
aggregates, is very high, between 20-60%, with values over the 5% established for the EHE.  
 
2.1.4.9 Contaminants and impurities 
One of the major problems with the recycling of aggregates is the frequent presence of 
impurities and pollutants that influence negatively the properties of the concrete. These 
pollutants can be from wood, plaster, asphalt, up to organic matter, aluminium, etc. 
These impurities produce in all the cases a decrease of resistance in the concrete, the 
effect being more pronounced when the impurities are elements such as lime, clay or plaster 
and to a lesser extent when it is asphalt or paintings. 
The presence of impurities depends greatly on the type of recycling aggregate. If the 
aggregates come from plain concrete, their purity is much higher than it would be if they carry 
ceramic elements, as that would increase the percentage of impurities. 
Here in Spain, according to the project develop named GEAR, after having 
characterized 230 samples distributed in the whole Spanish territory, it concluded that the 
average is that there is a low 22% in weight of ceramic material and a high percentage of 27% 
of natural stone. On the contrary it also shows that there is a top quantity of 1% of impurities.   
On the other hand, to point at the variability of the average, where the concrete fraction 
varies between 90% and 10% in weight, whereas the ceramic material varies between 70% and 
the 0%, the same percentage as the stony fraction. 
To determine the impurities the following regulations can be adopted, UNE-EN 933-
7:99, UNE 7133-58, prEN 933-11, UNE-EN 1744-1:99, UNE 7133:58 and UNE-EN 1744-1:99. 
 
 
Chapter 2. State of the art 
 
28 
 
2.1.4.10 Leaching 
The criteria and procedures of admission of waste materials in dumps were developed 
by the community Decision 2003/33/CE. Subsequently in Catalonia, with the purpose of 
adapting the management of the residues to the community dispositions as for environment, the 
Decree 69/2009 was passed, establishing the procedure and the criteria of admissibility of 
waste materials in the controlled dumps in the area of Catalonia. 
Among the admission criteria for inert residues, there is a list of residues that are 
admissible without previous testing, such as concrete, bricks, tiles and other ceramic materials. 
But to this list there are a couple of exceptions, CDW that containing organic or inorganic matter 
capable of polluting and, CDW redressed or painted with dangerous substances. 
In Catalonia, in the event that the recycled aggregates must be tested, the tests are 
carried out according to the standard EN 12457/4 and prEN 14405.  
These tests are only valid for inorganic leaching. For the organic compounds no 
normalized test exists. The presence and quantity of leaching is determined by direct analysis of 
the material. 
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2.2 REDUCTION OF THE EMISSION OF CARBON DIOXIDE
 
2.2.1 Global Warming
Since the beginning of the Industrial Age, the concentration of CO2 i
has increased by about 30% from 280 to 370ppm. Fifty percent of this increase has occurred 
during the last 40 years and is mainly due to human activity
is held in the atmosphere, the other 40% is 
oceans, forests and rocks. 
The impacts of the increased CO
contemporary interest because, it transmit
the long wavelength infrared energy radiated by the Earth’s warm surface,
surface temperature of the planet and affecting the weather and the abundance, diversity, and 
distribution of life on Earth. 
It is currently an accepted fact
comes from direct measurements
temperatures and from phenomena such as increases in average global sea levels, retreating 
glaciers, and changes to many physical 
changes in the Earth’s climate. 
increase in the concentration of gr
human activities. The main greenhouse gases are the Carbon dioxide (CO
(CH4), the nitrous oxide (N2O), 
In spite of the carbon dioxide have the lower rate of potential warming
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dioxide is the most abundant greenhouse gas in the Earth’s. Bellow I attach a 
the different percents in Europe
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In this graphs we can see that Carbon dioxide is the main gas causing the global 
warming. 
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According to the latest figures published by the Energy Information Administration this 
year, the CO2 emissions from energy consumption are the main Carbon Dioxide source. 
A reduction in global greenhouse gas emissions is not only the goal of 
environmentalists but also of almost every government in the world. Currently 192 countries 
have adopted the Kyoto protocol, which aims to reduce greenhouse gas emissions by 55% of 
the 1990 levels by the year 2012 collectively for countries. 
China emits more CO2 than the US and Canada put together up by 171% since the year 
2000, but if we look at per capita emissions, a different picture emerges, as China emits under 
six tones per person, when the world average per capita emits 4,49 tonnes per person. 
 
2.2.1.1 Cement production 
Cement is a backbone of the construction industry. And consequently, the cement 
industry is one of the main sources of CO2 emissions. The production of cement, the main 
ingredient of concrete, is a highly energy-intensive process and it releases green-house effect. 
The International Energy Agency (IEA) recognises the urgency to identify technology to 
reduce the CO2 intensity of cement production. CO2 emissions from cement production currently 
represent about 5% of anthropogenic global CO2 emissions.  
Cement production generates carbon dioxide emissions from two sources: combustion 
(40%) and calcination (60%). Combustion-generated CO2 emissions are related to fuel use 
while emissions due to calcination are made when the raw materials (mostly limestone and clay) 
are heated and CO2 is liberated from the decomposed limestone. 
Bellow there are two graphs that show the CO2 emissions, per capita and globally, for 
Europe and Spain respectively.[5] 
 
 
Graph 2.5. Emissions per capita from cement production  
(International Energy Agency) 
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Graph 2.6. Total emissions from cement production 
(International Energy Agency) 
Since global warming has emerged as the most serious issue of recent times, and at 
the same time sustainability is becoming an important economical and political issue, there is an 
urgent need for the carbon dioxide contributing industries to develop technologies that could 
help in reducing carbon dioxide concentration in the atmosphere. And as one has seen the 
major environmental issue associated with the concrete construction industry is the CO2 
emissions from the production of cement Portland. 
 
2.2.2 Carbon dioxide sequestration 
In order to reduce the amount of CO2 emitted into the atmosphere, three main 
strategies are available: improvement of energy efficiency, use of renewable energy sources 
and carbon sequestration. The aim of carbon sequestration is to store the carbon dioxide 
released by the use of fossil fuels in order to prevent its emission into the atmosphere.  
Since the first step in CO2 sequestration is carbon dioxide separation, industry has been 
very focused on technology options for economically separating CO2. At present, CO2 is 
routinely separated at some large industrial plants, although these plants remove CO2 to meet 
process demands and not for storage. There are three main approaches to CO2 capture, for 
industrial and power plant applications.  
- Post-combustion systems separate CO2 from the flue gases produced by 
combustion of a primary fuel.  
- Oxy-fuel combustion uses oxygen instead of air for combustion, producing a flue 
gas that is mainly H2O and CO2 that is readily separated and captured. This is an 
option still under development. 
- Pre-combustion systems process the primary fuel in a reactor to produce separate 
streams of CO2 for storage and H2 which is used as a fuel 
 According to the study developed by Bob Field [6], the distribution of carbon on earth is 
present as a small fraction of the atmosphere, oceans, and solid Earth, typically a few hundred 
ppms. 
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RESERVOIR 
CARBON (GT) 
ESTIMATES 
CARBON AS FRACTION OF 
TOTAL MASS 
Ocean 38.430 0,00003 
Land biota 705 0,34199 
Land 2890 0,00012 
Sediments 77.800.000 0,00039 
Carbonate sediments 65.300.000 0,00032 
        Organic matter 
sediments 
12.500.000 0,00006 
 
Table 2.3. The distribution of carbon on earth (Bob Field in 2008) 
 
The main CO2 sequestration technologies can be divided in categories: 
- Mineral CO2 sequestration 
- Terrestrial biosphere 
- Ocean storage 
- Oil and gas reservoirs 
- Deep saline formations 
 
The main drawback of these techniques, besides the limited applicability of some, is the 
temporary character of the storage, and the final effects of this technique. 
For example, the CO2 stored in the ocean will return to the atmosphere in about a 
hundred to a thousand of years, and it furthermore changes the pH of the water, affecting the 
environment. On the other hand, storing CO2 in oil and gas reservoirs needs continuous 
monitoring for an infinite length of time. An alternative technology to store carbon dioxide 
permanently and safely is carbon dioxide sequestration by mineral carbonation. The main 
advantage of this technique is that products form mineral carbonates are known to be stable 
over geological time periods. 
The basic idea of mineral carbonation is to mimic the weathering, a natural process, 
where the calcium or magnesium from silicate minerals is bound with CO2 dissolved in water, 
forming environmentally benign and stable calcium/magnesium carbonates. 
Rock watering involves dissolution of atmospheric CO2 into water and reaction with 
minerals. The weathering process can be viewed as an acid-base reaction in which an acid 
(H2CO3/CO2) is neutralized by a solid base (mineral). 
Another method for CO2 sequestration is the use of waste cement as a calcium source 
for carbonate formation. Actually some researchers working in the fields related to cement-
based materials are exploring possibilities to develop economical, practical, and 
environmentally friendly technologies for CO2 reduction and sequestration in cement-based 
materials. 
Waste cement is a calcium-rich waste product containing calcium in the form of calcium 
silicate hydrate (CSH) and calcium hydroxide, portlandite (Ca(OH)2). 
The construction and demolition waste represents a potentially large source of alkalinity. 
Rain or irrigation water reacting with crushed concrete would provide a source of Ca(OH)2 to be 
use in conditioning shallow terrestrial or deep geologic reservoir pore water to enhance 
formation of carbonate minerals. 
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Cement-based materials absorb CO2 through a process known as carbonation reaction 
with alkalis in the cement-based materials that results in CO2 sequestration in these materials. 
About 19% of the carbon dioxide produced during the manufacture of cement is reabsorbed by 
the concrete over its lifecycle [7]. 
Carbon dioxide mineralization is the process of reacting carbon dioxide to form a solid 
by-product. It occurs either in the natural process off carbonation or by some specifically 
designed process. The normal process of carbonation is very slow, about one mm/year.  
The carbonation is known to occur in concrete, but is usually limited to exterior surface 
exposed to carbon dioxide and humidity in the air. This accelerated carbon dioxide surface 
absorption phenomenon may be important for determining novel and effective carbon 
sequestration process using recycled concrete. 
The carbonation reaction, the reverse process of calcination, is diffusion limited and 
dependant on many variables such as relative humidity, pH, concrete mix, concrete age, and 
pore structure. The reaction is mainly limited by the diffusion rate of carbon dioxide into the 
interior of the concrete mass. 
 
2.2.3 Recycled aggregates, a path to carbon dioxide reduction 
A study developed in Australia concludes that the reprocessing construction and 
demolition waste into recycled aggregates ushers important environmental advantages. The 
environmental gains are attached below: 
- Reduced resource consumption 
- Diversion of waste materials from landfill 
- Reduced quarrying 
- Reduced greenhouse gas emissions 
Recycled aggregates can diminish the used energy in addition to reducing the 
emissions caused by transportation, basically where the material is reused in a closer area to 
the site of reprocessing. 
The energy used to produce recycled aggregates is 21MJ/tonne and the resulting 
emissions are around 4 kg CO2. This could represent up to 46% fewer emissions than an 
equivalent quarry product. [7] 
A Sustainable Aggregates CO2 Estimator tool has been developed to calculate the 
emission and the economic implications between recycled and natural aggregates. 
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2.3 QUALITY IMPROVEMENT OF THE RECYCLED AGGREGATES 
The main problems of using Recycled Concrete Aggregates (RCAs) basically in 
concretes are: higher porosity and hence higher water absorption, lower mechanical strengths, 
residual impurities on the surface of the RCAs creating weaker bond between cement paste and 
aggregate, etc.  
Despite all the problematic lied above, several mechanisms are exposed to improve the 
quality of these recycled aggregates, being able to achieve a more generalized use in the 
construction industry. 
The improvements in long-term durability were associated with a reduction of the pH for 
the pore solution, and substantial conversion of calcium hydroxide, anhydrous material and 
CSH gel to calcium carbonate and silica gel. Improved mechanical properties and dimensional 
stability were attributed to substantial reductions in total porosity and modifications in micro-pore 
structure respectively. Processing could be aimed at producing a matrix material with minimal 
amounts of calcium hydroxide, anhydrous material and CSH gel along with a controlled pore 
structure [8]. Next the carbonation and the surface improvements are studied. 
 
2.3.1 The carbonation 
 
2.3.1.1 Mechanism of carbonation 
The carbonation process is in theory very simple but quite complex in reality. Basically 
calcium hydroxide (CaOH) in contact with carbon dioxide (CO2) forms calcium carbonate 
(CaCO3). 
Carbonation is a reaction where carbon dioxide gas or carbonate ions must pass 
through a carbonated surface into the material to reach fresh concrete. This is a diffusion 
process either by carbon dioxide gas or by carbonate ions, which in turn is controlled by the 
water saturation of the capillary system. Its reaction is a diffusion limited and dependant on 
many variables such as relative humidity, pH, concrete mix, concrete age, and pore structure 
(surface area). The water is not consumed but it is necessary so that the reaction takes place. A 
60% of degree of drying (DOD) gives the greatest amount of conversion to calcium carbonate 
and silica gel [9]. 
When the calcium hydroxide is exposed to dissolved carbon dioxide under high pH 
conditions, the carbon dioxide will react with the calcium hydroxide rather quickly to form the 
more stable calcium carbonate. Variations in pH, concentrations, temperatures, and other factor 
will all impact this reaction rate. The calcium carbonate bonds are considered to be a 
combination of the three different crystals of calcium carbonate: vaterite, aragonite and calcite. 
Argonite presence is important since its formation is related with the presence of CSH with low 
Ca/Si content produced by decalcification of the primary CSH or by the CSH formed in the 
surroundings of a silica fume grains. 
Once exposed the basic concept of what means the reaction of carbonatión, below, we 
will showing more detailed conclusions reached so far by researches carried out by different 
centres of investigation. 
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2.3.1.2 Dependency of CSH carbonation rate on CO2 pressure 
Currently, there are some published studies about different types of carbonation, such 
as natural carbonation, carbonation at atmospheric pressure with different content of CO2, and 
supercritical carbonation, carbonation at high CO2 pressures. 
The microstructure of cement pastes carbonated using supercritical carbonation 
(SCCO2) is different than that of air-carbonated pastes. SCCO2 of cementicious materials 
increases strength and reduces permeability. Moreover the samples treated under supercritical 
conditions during 2h were carbonated to a larger extent than those naturally carbonated for 200 
days [10]. 
The solubility strongly depends on the CO2 pressure, the solubility of calcium ions at 
PCO2 = 3,0 MPa is 3 times that at PCO2 = 0,1 MPa [11]. 
For the purpose of improving the hydration resistance by carbonation treatment, it is 
recommended that the CaO materials should either have less appreciable apparent porosity or 
a limited carbonation ratio for the high-porosity CaO material.  
Carbon dioxide accelerated concrete curing involves many concurrent microstructural 
and chemical changes. The chemical changes occurring during natural concrete weathering are 
comparable to those that happen when using CO2 accelerated concrete curing. See below the 
reactions which represent the chemical changes that occur during the carbonation reaction. 
 
( )2 2 2 3CO g H O H CO+ →  
2 3 3H CO HCO H
− +→ +             Dissolution of CO2 in water 
2
3 3HCO CO H
− − +→ +  
( ) ( ) 22 2 2 2 22x x yCaO SiO nH O yH CaO SiO nH O yCa yH O
+ +
⋅
⋅ ⋅ + → ⋅ ⋅ + +  
2
2( ) 2Ca OH Ca OH
+ −→ +  
2 2
3 3Ca CO CaCO
+ −+ →       Precipitation of calcium carbonate 
 
2.3.1.3 Mineralogical changes due to carbonation 
The sequence of mineralogical change during the carbonation is a complex process 
involving the mass of CO2 that has reacted with cement hydrates as well as the partial pressure 
as CO2 at the selected point. Calcite does not develop immediately, the amount of calcite 
increases progressively with increasing amount of CO2. We also have to know that an increase 
in surface areas, as recycled concrete cement mortars, may have the potential to sequestrate 
additional carbon dioxide compared to the carbonation reaction. 
The graph attached below shows clearly the sequence of the different zones in the 
carbonation of hydrated cement paste at 25ºC at saturated relative humidity [12]. 
Calcium 
dissolution 
from cement 
and portlandite 
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Fig.2.10. Carbonation of hydrated cement paste at 25ºC at saturated relative humidity 
 
The paste before carbonation is basically made of CSH, portlandite and 
monosulfoaluminate, but at the end of the carbonation test, it obtains mainly calcite and silica 
amorphous. The results of this graph have other explanation, according to some authors. 
Castellote also declares that shen carbonating at 10% and 100% of CO2, the CSH gel 
completely disappears, a polymerized Ca-modified silica gel is formed, as a result of the 
decalsification of the CSH, to point at ccarbonation up to a 3% of CO2, results in a 
microestructure much more similar to natural carbonation at aproximatly 0,03% CO2. However, 
Haselbach exposes that, under right conditions, all the calcium within the paste in the calcium 
hydroxide form can be carbonated, but there are varying predictions on how much carbonation 
can take place in the CSH. Legerblad predicts that in fact all the calcium can be carbonated 
given enough time and the proper conditions, but Engelsen, estimates a percentage of 75% [13, 
14]. After all the different theories exposed above, it can be concluded that investigation is still 
unable to provide clear answers to the question of what is the maximum carbonation possible.  
On the other hand, the carbonation causes volume changes. The carbonation of 
portlandite is expansive and gives a value of 11% expansion [12], but this does not mean that it 
should appreciate a dimensional change in the cement pasta. The paste contains considerable 
porosity and, provided that crystallization of product phases occurs in pores, no physical 
expansion need occur. 
 
2.3.1.4 Models of carbonation 
The classic elementary models based in the carbonation are located on the CO2 
ingress front (having continuous diffusion), which provides the well-known and practical 
analytical solution proportional to t , taken together with the mass balance of CO2, and 
considering CO2 as an ideal gas [14]. 
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With: 
 
Xc: carbonation depth (m) 
DCO2: coefficient of CO2 diffusion in carbonated zones (m
2
/s) 
PCO2: pressure of CO2 at the concrete surface (Pa) 
t: time (s) 
Q: quantity of carbonatable calcium (mol/m
3
 of material) 
R: constant of perfect gases (J/mol/K) 
T: temperature (K) 
 
 
 
A study of University of Toulouse of published in 2010, proposes an elementary model 
was proposed, in with the quantity of carbonated calcium had two sources: 
 
- The calcium of the portlandite, the ettringite and the aluminates. This calcium is 
completely carbonatable whatever the CO2 partial pressure. 
-  The calcium of CSH.  
 
An approximate solution of the carbonation front ingress kinetics was then proposed. 
Only three parameters were involved in the solution and enabled it to comply with all the 
experimental results [15]. 
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With: 
 
Xc: carbonation depth (m) 
D
0
CO2: coefficient of CO2 diffusion in carbonated zones for atmospheric pressure (m
2
/s) 
P0 : PCO2 (0,t) = pressure of CO2 (Pa) 
t: time (s) 
R: constant of perfect gases (J/mol/K) 
T: temperature (K) 
β: supplementary sealing of porosity due the CSH carbonation (independent of the material) 
C2: number of moles of calcium in CSH for the material considered (mol/l for cement paste) 
n: chemical affinity of CSH towards the CO2 pressure condition(independent of the material) 
Patm: atmospheric pressure (Pa) 
φp: fraction of paste in the concrete (l of cement paste/ l of concrete or mortar) 
Q1: number of moles of calcium initially contained in the hydroxides 
 
We need to point out that the problem of this model is that it doesn’t consider different 
moistures and different temperatures to be applied to natural conditions. 
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Fick’s law  
The carbonation reaction is diffusion limited and dependant on many variables such as 
relative humidity, pH, and concrete mix. Concrete age and pore structure. 
The carbonation process of concrete is principally a diffusion phenomenon. The 
penetration rate of carbon dioxide depends mainly on the concrete quality and the exposure 
condition. Based on both Fick’s first and second laws of linear diffusion equations, the 
threedimensional equation of conservation of mass is expressed. 
Concrete will carbonate whenever carbon dioxide and some water are available. The 
speed of carbonation depends on how fast the carbon dioxide and/or the carbonate ions can 
move into the concrete and react with the cement paste. In some cases, like under ground and 
when submerged in water, the accessibility of carbonate gas and ions may be the rate limiting 
factor. In a normal case scenario, however, gas is available and we can assume a constant 
amount at the concrete surface. 
 
2.3.2 Surface improvement of recycled aggregates 
It is a fact that the recycled aggregates have some limitations: they are significantly 
more permeable than the natural aggregates, as proved by Roumiana Zaharieva [16]; they have 
micro cracks, as a consequence of the crushing process; they are covered with loose particles, 
which prevent a good bonding between the new cement matrix and the recycled aggregates; 
and they also have high porosity with the consequences that involves.   
The improvements of the surface across superficial treatments have a clear goal, which 
is to diminish the limitations of the recycled aggregates and improve its qualities. It is possible to 
improve the properties of recycled aggregates by suitable organic or inorganic treatment 
systems.  
We will now proceed to present the types of surface improvement studied until now. 
Nowadays there are some types of recycled aggregates surface treatments in study.  
 
2.3.2.1 Types of treatments 
Many studies attempt to improve the quality of recycled aggregates from concrete. 
Masaro Tsujino [17] tried the mineral oil and silane type improving agents. He concluded that 
the silane type diminishes the strength of new concrete, whereas the mineral oil results looked 
promising, but still need more investigation. J. J. Kim [18] presented the results of an 
experimental study of surface treated recycled aggregates with the three different types of 
pozzolanic materials: sodium silicate, colloidal silica and silica fume by surface adsorption 
treatment for closing the open pores. 
A different approach was taken by Katz [19], who investigated the problem of recycled 
aggregate that is covered with loose particles that may prevent good bonding between the new 
cement matrix and the recycled aggregates. The old cement paste that remained on the natural 
aggregate was porous and cracked, giving place to the bad properties of the recycled 
aggregates. Katz proposed two methods to improve the quality of RAC, the impregnation with a 
solution of silica fume and the ultrasonic cleaning off the recycled aggregates. 
The silica fume improves the properties of cement made from recycled concrete in two 
ways: by improving the interface between the RCA and new cement matrix and by 
strengthening the structure of the old paste that is still adhered to the RCA, which has cracked 
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during the crushing process. In other words silica acts as a microfiller, filling the transition zone 
between the aggregates surface and the bulk of cement matrix, followed by pozzolanic reaction 
at the same place, resulting in fine and discontinuous pore structure [20]. 
So far no research has been conducted that combines the carbonation with any surface 
treatment of those that are exposed later. In spite of that, future lines of investigation are 
necessary, as there are still many different ways to continue.  
After reviewing the literature on the subject, it can be seen that nowadays silica 
products are the type of surface improving products with better expectations to be applied in the 
waste aggregates to achieve good results.  
Currently it is possible to find some silica products in the market, with products differing 
basically in their particle size. 
Nanotechnology (NT) is neither a new science nor a new technology; it helps scientists 
to develop composites with improved and desired characteristics. The size of the particles in the 
composites is crucial as, at the length scale of a manometer, the properties of many materials 
could be quite different from their bulk state. Applications of NT are in vary divergent fields and 
are already employed to enhance properties of many construction materials such as concrete, 
steel, glass, etc. 
Nano materials can modify the molecular structure of hydrated cement paste and 
thereby enhance many properties. In this study the the acuous silica dispersion will be used to 
enhance the properties of recycled aggregates. 
Nano Silica (NS) can contribute to efficient 'Particle Packing' in concretes by densifying 
the micro and nanostructure leading to improved mechanical and durability properties. NS can 
control degradation (through blocking of water entry on account of pore refinement) of the 
fundamental binder system of hydrated cement i.e., C-S-H gel caused usually due to calcium 
leaching out when immersed in water. NS improves the behaviour of freshly mixed cement 
concretes by imparting segregation resistance and by enhancing both workability/mouldability 
and cohesion of the matrix [21]. 
Particles of several sizes in a concrete mix cause a good filler effect, so that the net void 
volume generated is minimised and thereby an optimum mix with desirable properties is 
obtained. The actual packing in a multi-size particulate mix depends upon the difference 
between maximum and minimum sizes of particles in the mix; addition of nanoparticles 
increases its effect substantially. 
Treatment of RCA with Nano silica is one of the options available to benefit the RCA. 
The NS used is usually in the form of stable dispersions of nanometre size silica particles and 
this dispersion is generally in water. NS range has very high surface area of up to 750 m2/gram 
of silica solids, bearing in mind that the surface area of Portland cement ranges from 0.25 to 
0,40 m2/gram.   
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2.3.2.2 Interface 
Karen L. Scrivener [22] has studied the interstitial transition zone that is created by the 
packing of the anhydrous cement grains, which produces a region of high porosity in the first 
15–20 mm. Quantitative characterisation of the interfacial transition zone (ITZ) between 
aggregate and cement paste in concrete, confirms that it forms due to the packing of cement 
grains against the larger aggregate particles. This initial packing leads to a more porous zone of 
about 15 to 20 µm in width. The deposition of hydration products, especially calcium hydroxide 
tends to fill this zone, but even in mature pastes the ITZ still has a significantly higher porosity. 
 
 
          Fig.2.13. Model of interface zone (Zimbelman, 1985),[22] 
 
Modification of the interfacial transition zone between the aggregates and the bulk 
matrix of concrete by using silica is a common technique applied nowadays to improve concrete 
properties. Impregnation of the recycled aggregate with a silica solution introduces silica 
particles into the cracked and loose layer of this aggregate. During concrete hardening, this 
layer improves the interfacial transition zone, as noted above, through the filler effect. In 
addition, further pozzolanic reaction between silica and the portlandite strengthen the weak 
structure of RA to form an improved zone, which extends from the natural aggregate through 
the residues as the old cement paste turns into the new cement matrix. The stronger effect of 
the silica treatment at an early age indicates that the filler effect of silica fume is more dominant 
in improving the RA than the pozzolanic reaction, which is known to develop more slowly [19]. 
 
2.3.2.3 Hydration reactions 
The main reaction carried out in the silica solution surface improvement is the 
pozzolanic reaction. The SiO2, the principal compound in silica solutions, is a pozzolana that 
provokes a pozzolanic reaction. 
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A pozzolana is a sort of material that contains fundamentally silicon or silicon and 
aluminium, which gives it an acid character and, therefore, a great affinity for the lime (trend to 
combine with the lime in water presence to temperature sets).  
In addition, the pozzolana is basically compound with vitreous phase, being the 
crystalline phase very small, which gives place a material of high reactivity. 
The pozzolana for itself has a very small cementing value. Nevertheless, finely ground 
in the presence of moisture, it reacts with the calcium hydroxide to ambient temperature, giving 
place to the new one formation of stable compounds, slightly soluble in water and possessing 
cementing characteristics, capable of developing resistance for hydraulic hardening. 
Following, the pozzolanic reaction can be seen: 
 Cement hydration: 
  
2
( )Cement H O CSH A CH others+ → + +  
  
 Pozzolanic reaction: 
  ( )Pozzolan CH CSH B others+ → +  
 
The main characteristics of pozzolanic reactions are: 
- It is a slow reaction, as opposed to the cement hydration reaction, which is fast, 
and gives off heat. The pozzolanic reaction also develops slow resistance.  
- It is a reaction that consumes calcium hydroxide instead of calcium, important 
fact for the durability.  
- The products from the reaction fill the free capillary spaces after cement 
hydration. 
 
2.3.3 Methods of measure 
As it has previously been commented, the carbonation and the surface treatments are 
the methods still under study to improve the qualities of the recycled concrete aggregates. 
But, to achieve good results and to establish general models to understand the 
carbonation and the pozzolanic reactions, it is very important to know the measurement 
methods. 
On the one hand, to determine carbonation profiles in concrete some measurement 
methods can be used: the Gammadenssimetry, Thermogravimetric analysis and Chemical 
analysis, the Si Magic Angle Spinning-Nuclear Magnetic Resonance (Si M.A.S.-N.M.R.), and 
the X-Ray Diffraction (XRD), [10,24]. 
On the other hand, to determine the success of the surface treatments is necessary to 
use the Mercury intrusion porosimentry, chemical analysis trough X-ray fluorescence, and 
mineralogical analysis trough X-ray diffraction and Scanning Electronic Microscope.  
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Chapter 3 
 
Methodology and experimental program 
 
State of the art test techniques and experimental procedures have been used to study 
the possible ways in which to improve the quality of the recycled aggregates. The necessity of a 
well defined objective and the limited time has conducted to the development of this 
experimental study limited to the surface treatment of the aggregates through different kinds of 
silica impregnations.  
The bibliography about surface treatment is scarce. The experimental program was 
established with a series of previous tests. Prior to the start of the impregnation tests, the 
characterization of the materials was drawn and used to understand their properties: Chemical 
analysis, X-ray Diffraction, mercury intrusion porosimetry, density and absorption, and as main 
mechanical property we adopted the crushing factor. 
The different tests carried out throughout the experimental campaign are attached 
below. 
 
TEST 
Mercury Intrusion Porosimetry (MIP) 
X-Ray Fluorescence Spectrometry (XRF) 
X-Ray Diffraction (XRD) 
Scanning Electron Microscope (SEM) 
Water absorption and densities (UNE-EN 
1097-6 2000) 
Crushing factor (UNE 83-112-89) 
Laser diffraction analysis 
Table.3.1. Tests of the experimental campaign 
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3.1 USED MATERIALS 
 
3.1.1 Origin materials of the recycled aggregates 
Five different kinds of recycled aggregates have been used in this study: the recycled 
concrete aggregate from Weimar (RCAW), the recycled concrete aggregate from Barcelona 
(RCAB), the recycled ceramic brick aggregate (RCBA), the recycled calcium silica brick 
aggregate (RCSBA), and the recycled light brick aggregate (RLBA). 
The RCAW were taken from concrete waste from the Recycling laboratory of the F. A. 
Finger-Institut für Baustoffkunde from of Bauhaus-University Weimar.  
The RCAB were developed in the materials laboratory from the Escola de Camins 
Canals i ports of the Polytechnic  University  from Barcelona.  
And finally, the remaining bricks were obtained from ceramic, calcium silica and light 
bricks waste from the IFF Allgemein laboratory, also from Weimar. 
 
3.1.2 Studied recycled aggregates 
Production of the recycled aggregates 
Recycled aggregates for this experience are obtained in the laboratory by crushing raw 
cubes of a well known experimental concrete. After crushing, the product is sieved between 16-
32 mm and 10-14 mm. A representative portion of the aggregates are reduced to dust ≤  0,03 
mm for XRD and chemical analysis. 
The diagram 3.1. shows the samples preparation, including the crushing and sieving 
process. 
To reduce the concrete until the particle size was 16-32 mm, we used the jaw crusher 
H/BBg 2,5 type. The technical data are attached below: 
    
    
   Throughput: 2,5 t/h  
   Rated power: 7 kW 
   Grain size un to: 50 mm 
   Max. feed grain size: 150 mm 
    Gap width: 14-30 mm  
    Jaw width: 250 mm  
    Crushing width: 200 mm 
    Crushing black width: 250 mm 
  
 
 
Fig.3.1. Big Jaw crusher 
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      Diagram 3.1. Crushing and sieving process. 
 
 
To reduce the crushed concrete until the particles reached a size of 10-14 mm, we used 
another jaw crusher, the BB 200  type. The technical data are included below: 
 
         
 
      Throughput: 300 kg/h   
      Rated power: 1,5 Kw 
      Max. feed grain size: 100 mm  
      Grain size up to: 0-2 mm 
      
  
 
 
Fig.3.2. Small Jaw crusher 
 
 
 
CONCRETE AND 
BRICK MATERIALS 
Primary crusher, 
Jaw Crusher 
CONCRETE 
Sieved  
>32 mm 
<32 mm 
Sieved  10-14 mm 16-32 mm 
OTHER SIZES 
Sieved  10-14 mm 16-32 mm 
OTHER SIZES 
Secundary crusher, 
Jaw Crusher 
CONCRETE 
Samples 
cleaning 
Drying  
105ºC 
Recycled 
aggregates 
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To get the finer fraction afterwards, we used the disc vibrating mill machine named RS 
100 was used to make fine grinding. The technical data is attached below: 
     Maximum quantity: 20 g 
     Maximum feed grain size: 20 mm 
     Grain size up to: 63 µm 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3.3. Disc vibrating mill machine 
 
 
After crushing, the aggregates are sieved. They were selected depending on the size 
and the amount of material that we needed. We used the electrical sieving machines to obtain 
big amounts of coarse aggregates, and the fine sieves to get small amounts of fine particle size 
distributions. 
       
 
 
 
    
   
 
 
 
  A) Electrical sieving machine      B) Electrical sieving machine                C) Sieve 
      (to 0,08 mm up 31,50 mm)        (to 0,063 mm up 80,00 mm)      (to 0,040 mm up 0,063 mm) 
 
 
Fig.3.4. Different sieves 
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Recycled aggregates 
As previously stated, five different types of recycled aggregates were used for this 
experimental study:  
- Recycled concrete aggregate from We
- Recycled concrete aggregate from Barcelona (RCAB)
- Recycled ceramic brick aggregate (RCBA)
- Recycled calcium silica brick aggregate (RCSBA)
- Recycled light brick aggregate (RLBA)
According to the next table, 
porous one is RCAB.  
Table.3.
Fig.3.5. Recycled concrete aggregate from Weimar (RCAW)
Fig.3.6. Recycled concrete
 
imar (RCAW) 
 
 
 
 
the RLBA is most porous aggregate, wher
TYPE POROSITY 
RCAW 17,26% 
RCAB 9,58% 
RCBA 47,33% 
RCSBA 31,61% 
RLBA 59,92% 
2. Porosity of the recycled aggregates 
 
 
 
 
 
 aggregate from Barcelona (RCAB)
 
 
47 
eas the less 
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Fig.3.7. Recycled ceramic brick aggregate (RCBA) 
 
  
Fig.3.8. Recycled calcium silica brick aggregate (RCSBA) 
 
  
Fig.3.9. Recycled light brick aggregate (RLBA) 
 
3.1.3 Impregnation products 
Silica products 
The silica used in this study, except for the solid one, is presented in a stable water 
dispersion of silica. 
All the impregnation products used are vitreous siliceous materials, also known as 
pozzolan materials.  
Four different silica impregnation products were used: sheet microsilica, spherical 
microsilica, nanosilica and colloidal silica. 
Below you can see a comparative table that shows differences between the four types 
of silica products. 
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Watery 
Suspension of 
Silica 
Sheet microsilica 
CENTRILIT NC 
(Fig. 3.10.) 
Spherical microsilica 
CENTRILIT FUME SX 
(Fig. 3.11.) 
Nanosilica  
NANOSILICA 
(Fig. 3.12.) 
Colloidal Silica 
ISOSIL AN 3 NF 
(Fig. 3.13.) 
Solid content of 
active material 
50±1,5% 50±1% 100% 30% 
Color White Grey White Translucent 
Particle size (nm) 1.050 290 123 10-20 
Consistency Liquid Liquid Solid Liquid 
Character - - - Anionic 
PH at 25ºC - - - 9,5-10 
Surface specifies - - - 210-220 
Viscosity - - - 
5±2 (m.pas 
20ªC) 
Dispersion 
density (g/cm
3
) 
1,43±0,02 1,38 - 1,20-1,21 
Solid density 
(g/cm
3
) 
- - 2,64 - 
% Na2O - - - ≤0,3% 
Table.3.3. Properties of silica products 
 
The above impregnation products are very fine pozzolanic material. They are composed 
of amorphous silica, which is an oxide of silicon that can occur naturally or be syntethically 
produced. It is characterized by the absence of crystalline structure, and has no peaks in its X-
ray diffraction pattern.  
Of these types of silica, the spherical microsilica is the most common; it is composed of 
ultra-fine solid spherical particles of amorphous silica, each approximately 100 times smaller 
than cement grain.  
Below you can see some photographs of each of the different silica products utilized. 
 
    Fig.3.10. Sheet microsilica   Fig. 3.11. Spherical microsilica  
 
 
    Fig.3.12. Nanosilica             Fig.3.13. Colloidal silica 
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Calcium hydroxide 
The calcium hydroxide is also traditionally called slaked lime or hydrated lime. The 
calcium hydroxide used in this study, was presented in a solid state; it is composed of fine solid 
particles of crystalline silica, 10 times smaller than cement grain.  
 
Fig.3.14. Calcium hydroxide 
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3.2 METHODS USED TO CHARACTERIZE THE MATERIALS OBJECT OF THE STUDY 
 
3.2.1 Characterization of the recycled aggregates studied in this research 
The characterization of the previously mentioned materials was conducted using the 
following tests. 
 
3.2.1.1  Pore Size Distribution through Mercury intrusion porosimetry 
Mercury porosimetry characterize a material’s porosity by applying various levels of 
pressure to a sample immersed in mercury. The pressure required to intrude mercury into the 
pores is inversely proportional to the size of the pores. AutoPore IV 9500 V1.06 was the device 
used to carry out this test. 
The mercury intrusión porosimetry was used to determine the sizes of the pores in the 
untreated and the treated recycled concrete aggregates. 
 
3.2.1.2 Chemical Analysis through X-Ray Fluorescence Spectrometry (XRF) 
Chemical analysis is conducted for a wide range of purposes, from material 
identification and characterization, to quality control monitoring. We determined the chemical 
analysis using the data collected by the instrumental technique of X-Ray Fluorescence 
Spectroscopy. 
The aim of this chemical analysis was determining the chemical composition of the 
material, before and after surface treatment. 
 
3.2.1.3 Mineralogical Analysis through X-Ray Diffraction (XRD) and Scanning Electron 
Microscopy (SEM) 
The mineralogical analysis is the study of materials to determine mineral composition 
and mineral structure. This analysis can be used to identify mineral species, and understand 
their characteristics and properties.  
We combined both techniques for mineralogical evaluation, the X-Ray Diffraction and 
the Scanning Electron Microscopy. XRD uses a powder sample whereas the SEM uses a raw 
material. 
DRX was used to analyze the evolution of the pozzolanic reaction after the surface 
treatment of the recycled concrete aggregates. The Scanning Electron Microscopy provided us 
with the microscopic information. 
 
 3.2.1.4 Water absorption and densities 
The density and the water absorption is determined according to the standard UNE-EN 
1097-6 2000: Tests for mechanical and physical properties of aggregates - Part 6: 
Determination of particle density and water absorption. 
Simultaneously we have also obtained the bulk and particle density with 
Pulverpyknometer Geopyk and Heliumvergleichspyknometer respectively. 
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The bulk density was determined using the 
density according to the principle of displacement of piece materials. 
Fig.3.15. Bulk density with Pulverpyknometer Geopy
And on the other hand, the 
Helium was used as a measuring gas.
Fig.3.16. Particle
 
 3.2.1.5 Crushing factor
The crushing value was
Aggregates for concrete. Crushing 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The crushing factor is an indicative value of compression resistance.  The aggregates 
are put inside a mould and, after the mould is filled, a compression load is progressively applied 
 
GEO Pyc 1360, for the determination of 
 
k 
particle density was determined by the Ultrapyk
 
 
 density with Heliumvergleichspyknometer 
 
 determined according to the standard UNE 83
factor determination.   
Fig. 3.17.Crushing factor 
52 
bulk 
 
nometer 1000. 
-112-89: 
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at a speed of 40 kN/min and up to a maximum of 400kN. Then, at the end, the resulting material 
is sieved to separate the coarse fraction from the finer one. 
 
 
Fig.3.18. Material obtained from the crushing test 
 
3.2.2 Characterization of the impregnation products 
The characterization of impregnation products has been carried out using the following 
tests: 
 
3.2.2.1Chemical Analysis through X-Ray Fluorescence Spectrometry (XRF) 
This method was used to determine the chemical composition of each impregnation 
product, thus obtaining information on their pozzolanic capacity. 
 
3.2.2.2 Mineralogical Analysis through X-Ray Diffraction (XRD) and Scanning Electron 
Microscopy (SEM) 
The higher level of amorphous phases means a material is more reactive. Christaline 
phases make materials more stable and unlikely to react. 
The Scanning Electron Microscopy, on the other hand, was used to determine the 
particle size and shape. The localised chemical information (EDX) obtained through the SEM 
we can relate the studied particles with their chemical composition. 
 
3.2.2.3 Particle size distribution through the laser diffraction analysis 
The specification sheet of three out of the four types of impregnation products (sheet 
microsilica, spherical microsilica and noanosilica) did not provide us with the particle size 
information. 
 Since that data was necessary for the research, the particle size was determined using 
the Coulter LS 230, placed for the determination of bulk density according to the principle of 
displacement of piece materials.  
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3.3 RESULTS OF THE METHODS USED TO CHARACTERIZE THE MATERIALS OBJECT 
OF THE STUDY  
 
3.3.1 Characterization of the produced recycled aggregates object of this study 
Recycled aggregates were characterized by using X-Ray Fluorescence Spectrometry,  
X-Ray Diffraction, Scanning Electron Microscopy, Mercury Intrusión Porosimetry, density and 
absorption, and the crushing factor.  
  
3.3.1.1 Recycled concrete aggregate from Weimar (RCAW) 
RCAW BEFORE IMPREGANTION,   
X-RAY FLUORESCENCE SPECTROMETRY 
Compound Concentration (%) 
MgO 0,24 
Al2O3 2,46 
SiO2 75,01 
SO3 0,56 
K2O 1,02 
CaO 10,98 
TiO2 0,10 
Fe2O3 0,93 
SrO 0,04 
BaO 0,27 
PtO2 0,07 
 
Table.3.4. Chemical Analysis through X-Ray Fluorescence Spectrometry (XRF)  
of the Recycled concrete aggregate from Weimar 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.19. Mineralogical and Chemical Analysis through Scanning Electron Microscopy (SEM) 
and localised chemical information (EDX) of the Recycled concrete aggregate from Weimar 
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Graph 3.1. Mineralogical Analysis through X-Ray Diffraction (XRD) 
                                             of the Recycled concrete aggregate from Weimar 
 
 
 
BULK DENSITY 
PARTICLE 
DENSITY 
POROSITY 
WATER 
ABSORPTION 
2,21 g/cm
2
 2,67 g/cm
2 
17,26% 6,18% 
 
Table.3.5. Water absorption, densities and porosity 
of the Recycled concrete aggregate from Weimar 
 
According to the above data, the recycled concrete aggregates from Weimar are 
characterized by a high SiO2 content, basically from the quartz origin aggregates; besides we 
also can detect the presence of Microcline and Larnite, two anhydrous compounds. The 
porosity is 17, 26% with a water absorption of the 6,18%.  
On the other hand, in reference to the below graph, the pore volume distribution, we can 
see that the main range of porosity is placed between 0,01 and 0,1 µm. 
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Graph 3.2. Cumulated pore volume distribution through Mercury Intrusion Porosimetry  
of the Recycled concrete aggregate from Weimar 
 
3.3.1.2 Recycled concrete aggregate from Barcelona (RCAB) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Graph 3.3. Mineralogical Analysis through X-Ray Diffraction (XRD) 
of the untreated recycled concrete aggregates from Barcelona  
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BULK DENSITY POROSITY 
WATER 
ABSORPTION 
CRUSHING  
FACTOR 
2,31 g/cm
2
 9,57 % 5,99 % 30 ≈ 31 
 
Table.3.6. Water absorption, porosity, water absorption and crushing factor  
of the Recycled concrete aggregate from Barcelona 
 
The recycled concrete aggregate from Barcelona has a high content of calcite, basically 
from the limestone origin aggregates. On the other hand, in the diffractogram we can find high 
volume of portlandite due to the fact that this is not very old concrete, and we also find 
anhydrous silicates. This concrete has 9,57% of porosity and a water absorption value of 
5,99%. 
For this concrete we also tested the crushing factor, with is between 30 and 31. 
 
3.3.1.3 Recycled ceramic brick aggregate (RCBA) 
BULK DENSITY 
PARTICLE 
DENSITY 
POROSITY 
WATER 
ABSORPTION 
1,54 g/cm
2
 2,92 g/cm
2
 47,33% 28,94% 
 
Table.3.7. Water absorption, densities and porosity 
of the Recycled ceramic brick aggregate 
 
 
In the table above we can see the physical properties of the recycled ceramic brick 
aggregates, with a porosity of 47,33% with a water absorption of 29,94%.  
 
3.3.1.4 Recycled calcium silica brick aggregate (RCSBA) 
 
BULK DENSITY 
PARTICLE 
DENSITY 
POROSITY 
WATER 
ABSORPTION 
1,85 g/cm
2
 2,70 g/cm
2
 31,61% 15,12% 
 
Table.3.8. Water absorption, densities and porosity 
of the Recycled calcium silica brick aggregate 
 
This other type of brick, the calcium silica one, has a lower porosity than the ceramic 
one, with a water absorption of 15,12%. 
 
3.3.1.5 Recycled light brick aggregate (RLBA) 
BULK DENSITY 
PARTICLE 
DENSITY 
POROSITY 
WATER 
ABSORPTION 
1,04 g/cm
2
 2,58 g/cm
2
 59,93% 60,81% 
 
Table.3.9. Water absorption, densities and porosity 
of the Recycled light brick aggregate 
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The recycled light brick aggregates have the higher porosity of the all materials used 
with a value of 59,93%. These aggregates also have the lowest values of bulk and particle 
density respect the other ones. 
 
3.3.2 Characterization of the impregnation products 
To characterize the four impregnation products, the following techniques were used: 
 
- Chemical Analysis through X-Ray Fluorescence Spectrometry 
- Mineralogical Analysis through X-Ray Diffraction and Scanning Electron 
Microscopy    
- Pore size distribution through the laser diffraction analysis 
 
 
3.3.2.1 Sheet microsilica  
SHEET MICROSILICA,  X-RAY FLUORESCENCE SPECTROMETRY 
Compound Concentration (%) 
Na2O 0,199 
MgO 0,146 
Al2O3 40,743 
SiO2 56,745 
P2O5 0,054 
SO3 0,200 
K2O 0,560 
CaO 0,360 
Fe2O3 0,506 
BaO 0,277 
PtO2 0,198 
 
Table.3.10.  Chemical Analysis through X-Ray Fluorescence Spectrometry (XRF) 
                                              of the Sheet microsilica 
 
 
According to table 3.10, the chemical analysis presents a high percentage of oxide of 
silicon and of oxide of aluminium, 56,75 % and 41,74 % respectively, being these the main 
components in the sheet microsilica. These results of the chemical analysis coincide with the 
localised chemical information (EDX) obtained of the analysis of the Scanning Electron 
Microscope, fig.3.20. 
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Fig. 3.20. Mineralogical and Chemical Analysis through Scanning Electron Microscopy              
            (SEM) and localised chemical information (EDX) of the Sheet microsilica 
 
On the other hand, the diffractogram presents an almost totally amorphous spectrum 
with some peaks of crystalline compounds. At 27 2theta, we can see the highest peak of the 
diffractogram, which belongs to quartz, the most stable crystalline form of silica SiO2. We can 
also find kaolinite, the compound that provides the microsilica with the aluminium compound. 
Other crystals that we can find are the Mackinawite and the Potassium Iron Silicate Hydroxide. 
This silica product is the one with the most impurities. 
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Graph 3.4. Mineralogical Analysis through X-Ray Diffraction (XRD) 
                                              of the Sheet microsilica 
 
The particles are sheet-shaped, with an average particle size of 1050nm, according to 
the diagram of particle size distribution attached below. 
 
Graph 3.5. Pore size distribution through the laser diffraction analysis  
of the Sheet microsilica  
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3.3.2.2 Spherical microsilica  
 
SPHERICAL MICROSILICA,  X-RAY FLUORESCENCE SPECTROMETRY 
Compound Concentration (%) 
MgO 0,608 
Al2O3 0,843 
SiO2 93,777 
SO3 0,373 
K2O 0,900 
CaO 2,021 
Fe2O3 0,722 
ZnO 0,057 
BaO 0,332 
PtO2 0,220 
Cl 0,136 
 
Table.3.11. Chemical Analysis through X-Ray Fluorescence Spectrometry (XRF) 
                          of the Spherical microsilica  
 
 
 
Fig. 3.21. Mineralogical and Chemical Analysis through Scanning Electron Microscopy              
(SEM) and localised chemical information (EDX) of the Spherical microsilica. Detail. 
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Fig. 3.22. Mineralogical and Chemical Analysis through Scanning Electron Microscopy              
(SEM) and localised chemical information (EDX) of the Microsilica Spherical. General overview. 
 
 
The spherical microsilica is almost 100% amorphous oxide silicon. From the remaining 
impurities, three compounds appear crystallized: Calcita, Silicon Oxidie and Potassium Calcium 
Silicate. These are sphere-shape, with an average particle size of 290 nm, according to the 
graph 3.7. of particle size distribution. 
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Graph 3.6. Mineralogical Analysis through X-Ray Diffraction (XRD) 
                                              of the Spherical microsilica  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Graph 3.7. Pore size distribution through the laser diffraction analysis  
of the Spherical microsilica  
39-1427 (*) - Potassium Calcium Silicate - K4CaSi3O9
76-1390 (C) - Silicon Oxide - SiO2
05-0586 (*) - Calcite, syn - CaCO3
Operations: Y Scale Add -125 | Import
DRX_spherical - File: a1_287_0330_DRX_spherical.raw - Type: 2Th/Th locked - Start: 4.013 ° - End: 80.000 ° - Step: 0.017 ° - Step time: 80. s - Temp.: 25 °C (Room) - Time Started: 0 s - 2-Theta: 4.013 ° - Theta
L
in
 (
C
o
u
n
ts
)
0
100
200
300
400
2-Theta - Scale
13 20 30 40 50 60 70
Chapter 3. Methodology and experimental program 
 
64 
 
3.3.2.3 Nanosilica  
NANOSILICA,  X-RAY FLUORESCENCE SPECTROMETRY 
Compound Concentration (%) 
Al2O3 0,416 
SiO2 97,177 
SO3 0,118 
K2O 0,143 
CaO 1,863 
BaO 0,283 
 
Table.3.12. Chemical Analysis through X-Ray Fluorescence Spectrometry (XRF) 
                                    of the Nanosilica 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.23. Mineralogical and Chemical Analysis through Scanning Electron Microscopy              
(SEM) and localised chemical information (EDX) of a particle of Nanosilica. 
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The nanosilica is a pure amorphous pozzolana with no appreciable crystal in the 
diffractogram and with 97,18 % of silicon oxide, this high level of silicon making it highly 
reactive. As we can see in the photography, fig 3.22, the shape of the particles is rounded but 
not uniform, with an average particle size of 123 nm, according to the diagram of particle size 
distribution. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Graph 3.8. Mineralogical Analysis through X-Ray Diffraction (XRD) 
                                              of the Nanosilica 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Graph 3.9. Pore size distribution through the laser diffraction analysis  
of the Nanosilica                  
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3.3.2.4 Colloidal silica 
NANOSILICA,  X-RAY FLUORESCENCE SPECTROMETRY 
Compound Concentration (%) 
Na2O 1,044 
MgO 0,237 
Al2O3 0,508 
SiO2 95,311 
SO3 0,426 
CaO 1,474 
Fe2O3 0,382 
BaO 0,391 
PtO2 0,090 
Cl 0,138 
 
Table.3.13. Chemical Analysis through X-Ray Fluorescence Spectrometry (XRF) 
                                    of the Colloidal silica 
 
Fig. 3.24. Mineralogical and Chemical Analysis through Scanning Electron Microscopy              
(SEM) and localised chemical information (EDX) of a particle of Colloidal Silica.  
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Graph 3.10. Mineralogical Analysis through X-Ray Diffraction (XRD) 
                                              of the Colloidal Silica 
 
The Colloidal Silica is also a pure amorphous pozzolana without any crystal phases. 
The chemical analysis present an 95,31% of silicon oxide, and the localised chemical 
information (EDX) also shows a high peak of Si. The shape of the particles, according to the 
electron microscope photos, is spherical with a particle size of 10-20nm, according to the 
specification sheet. 
 
3.3.2.5 Calcium hydroxide 
The Calcium hydroxide (Ca(OH)2) is a white and crystalline water-soluble powder which 
reacts with pozzolan materials.  
According to the specification sheet, the particle size is 1000 nm of average, and 
particles have a 96% of purity.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Graph 3.11. Mineralogical Analysis through X-Ray Diffraction (XRD) 
                                              of the Calcium hydroxide 
The X-ray diffraction show a clear picks of calcium hydroxide and a smaller crystals of 
calcite.  The diffraction corroborate the dates from the specification sheet. 
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3.4 TECHNIQUES USED TO IMPROVE THE SURFACE QUALITIES OF THE RECYCLED 
AGGREGATES 
 
3.4.1 Methods used to improve the surface qualities of the recycled aggregates 
 
3.4.1.1 Vacuum impregnation  
This is a method developed in the Bauhaus University in Weimar.  
As previously stated, four different types of recycled aggregates have been used: 
recycled concrete aggregate from Weimar (RCAW), recycled ceramic brick aggregate (RCBA, 
recycled calcium silica brick aggregate (RCSBA), and the recycled light brick aggregate (RLBA). 
These were chosen because each of them has a different porous distribution. 
Firstly, we dried the samples in the oven at 105ºC. Afterwards, the dried samples were 
submitted to different conditions, to obtain the best impregnation. The concrete was tested 
under different conditions of pressures and type of silica dispersion. 
 
                                            
 
 
 
 
 
 
 
Diagram 3.2. Vacuum impregnation method 
 
The samples, after a three hour desiccation period inside the recipient fig. 3.25., are 
soaked in the silica dispersion (50% solid content) during 20 hours at constant pressure. The 
pressure tested is 0, 250, 500, and 750 MPa, and also at atmospheric pressure. To develop the 
different vacuums, we used a container with hermetic closing connected to a vacuum pump. 
The regulation of the pressure was done manually, fact that explains the small variability of the 
vacuum pressures at which the samples were submitted. 
After impregnation, the cleaning of the samples was done through a brushing process, 
to allow the water absorption calculation. 
RCAW 
RCBA 
RCSBA 
RLBA 
Crushing 
process 
CONCRETE 
Dried   
105ºC 
SHEET MS  SPHERICAL MS  
Dissecation 
3h 
Samples 
cleaning 
Vacuum impr. 
 24 hours 
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A) Oven   B) Vacuum recipient 
 
 
                        Fig.3.25. Impregnation procedure               C) Vacuum impregn. machine 
 
 
3.4.1.2 Rotating Impregnation 
To prevent the formation of the superficial skin that forms during the vacuum 
impregnation, a rotating impregnation is tried instead. In a rotating test, the samples are struck 
by themselves helping the prevention of the superficial skin formation. 
For this test, the aforementiond five different types of recycled aggregates were used: 
RCAW, RCAB, RCBA, RCSBA, and RLBA. 
Before the actual test, a trial was done. Two botles with the same samples and the 
same silica dispersion, were stored: one of them in a static period and the other one in a 
dynamic period by a rotating machine. After 24h, we obtained what the next photograps show. 
           A) Dynamic test                                                        B) Static test 
Fig.3.26. Dynamic and static impregnation test 
 
The bottle that was kept static for 24h gave a bad result, all the samples had the silica 
stuck to the surface and, the silica was less fluid than before the start of the test. On the other 
hand, the bottle kept un a dynamic period for 24h gave a good result, the silica was as liquid as 
before the start of the test, and the samples did not have the skin. 
After this advance, the experimental campaign continued with dynamics impreganations 
at atmospheric pression. 
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       Fig.3.27. Rotating machine from Weimar       Fig.3.28. Rotating machine from Barcelona 
 
The following diagram explains the experimental campaing carried out. The rotating 
impregnation with Spherical microsilica and nanosilica at atmospheric presures of the RCAW, 
RCBA, RCSBA and RLBA was developed in Weimar.  
 
 
 
 
 
 
 
 
Diagram 3.3. Rotating impregnation method 
 
The impregnation of the recycled aggregates RCAW, RCBA, RCSBA and RLBA with 
spherical microsilica and nanosilica took place over a 24 hour period using a rotating machine, 
as shown in diagram 3.3. 
After the impregnation, samples were cleaned  using 1l bottles full of water in which the 
samples were submerged for 30 minutes in a rotating machine. Once clean, we could procede 
to calculate the water absorption of the samples. 
 
3.4.1.3 Cyclic dry and wet impregnation 
Parallel to colloidal silica impregnation, a cyclical impregnation test was carried out, with 
the recycled concrete aggregate from Barcelona samples. The aim was to determine whether a 
cyclical dry and wet processes could lower the water absorption rate of the material. 
The purpose of this test was to corroborate if, by means of the repetition of the 
impregnation test, it was possible to perceive, across the water absorptions, the entry of solid 
content of the microsilica in dispersion inside of the concrete samples tested. 
The next a diagram shows the experimental procedure developed in this next step. 
Crushing 
process 
CONCRETE 
Dried   
105ºC 
Samples 
cleaning 
NANOSILICA SPHERICAL MS  
RCAW 
RCBA  
RCSBA  
RLBA 
Rotating impr. 
 24 hours 
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Diagram 3.4. Cyclic impregnation test at atmospheric pressure 
 
As we can see in diagram above, the test consisted in the combination of the silica 
impregnation in the rotating machine for 30 minutes, in the bottles shown in photograph A, and 
then a short cleaning of 15 minutes, also in the rotating machine in the bottles shown in 
photograph C.  
Once the impregnation with spherical microsilica and nanosilica is complete, samples 
are dried until they reach a constant weight. We can then measure the water and the silica 
absorptions. 
 
 
 
         A) Impregnation bottles              B) Rotating machine                   C) Cleaning bottles 
 
  
         D) Samples                      E) Balance     
 
Fig. 3.29. Cyclic impregnation test  
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3.4.1.4 Rotating double impregnation 
 
 
 
 
 
 
 
 
 
Diagram 3.5. Calcium hydroxide and Colloidal Silica Impregnation method  
at atmospheric pressure 
 
In agreement with the graph above, the calcium hydroxide and colloidal silica 
impregnation test was developed in two steps. After the samples drying, a first impregnation 
was done during 30 minutes with calcium hydroxide, in order to facilitate the development of the 
later pozzolanic reaction motivated by the addition of silicon oxide of the colloidal silica. After 
the calcium hydroxide impregnation, we proceeded to carry out the colloidal silica impregnation 
in a rotating machine during 24h, according to M.Tsuji [25]. 
After the impregnation, the aggregates were sieved, separing the colloidal silica. Later, 
the aggregates were stored in the humid chamber in constant themperature and moisture. After 
10 days and after one month, the crushing value test was done and the reasults were compared 
with the values of the granite and the limestone crushing test. The granite and the limestone are 
main aggregates used to produce concrete. 
 
 3.4.2 Methods used to evaluate the success of the surface treatment 
 
3.4.2.1 Pore Size Distribution through Mercury intrusion porosimetry 
Mercury porosimetry characterize a material’s porosity by applying various levels of 
pressure to a sample immersed in mercury. AutoPore IV 9500 V1.06 was the device used to 
carry out this test. 
To evaluate the success of the surface treatment, the mercury intrusion porosimetry 
was used to determine the sizes of the pores in the treated recycled concrete aggregates. 
 
3.4.2.2 Chemical Analysis through X-Ray Fluorescence Spectrometry (XRF) 
The data collected by the instrumental technique of X-Ray Fluorescence Spectroscopy 
give as the chemical characterization of the material. 
Crushing 
process 
CONCRETE 
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Silica    
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The aim of this chemical analysis was determining the chemical composition of the 
material, after surface treatment. 
 
3.4.2.3 Mineralogical Analysis through X-Ray Diffraction (XRD) and Scanning Electron 
 Microscopy (SEM)  
The mineralogical analysis is the study of materials to determine mineral composition 
and mineral structure. We combined the X-Ray Diffraction and the Scanning Electron 
Microscopy techniques.  
DRX was used to analyze the evolution of the pozzolanic reaction after the surface 
treatment of the recycled concrete aggregates. The Scanning Electron Microscopy provided us 
with the microscopic information. 
 
 3.4.2.4 Water absorption and densities 
We have determined the density and the water absorption according to the standard 
UNE-EN 1097-6 2000 after the impregnation test. Simultaneously we have also obtained the 
bulk and particle density with Pulverpyknometer Geopyk and Heliumvergleichspyknometer 
respectively. 
 
 3.4.2.5 Crushing factor 
The crushing value was determined according to the standard UNE 83-112-89: 
Aggregates for concrete. Crushing factor determination.   
The crushing factor was used to analyze the evolution of the resistance after the surface 
treatment of the recycled concrete aggregates.  
 
3.4.3 Results obtained from the methods used to evaluate the success of the 
surface treatment  
 
3.4.3.1 Vacuum impregnation  
To check the efficiency of the impregnation test under vacuum we used the following 
tests: ore size distribution through Mercury intrusion porosimetry, Chemical Analysis through X-
Ray Fluorescence Spectrometry (XRF), Mineralogical Analysis through X-Ray Diffraction (XRD) 
and Water absorption and densities.  
The results for these tests were compared with the data obtained for these same tests 
from untreated samples. 
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Compound 
MgO 
Al2O3 
SiO2 
SO3 
K2O 
CaO 
TiO2 
Fe2O3 
SrO 
Au 
BaO 
PtO2 
Table.3.14. Comparative chemical analysis through X
of the impregnated recycled conc
According to the Chemical analysis we can see that the amount of the SiO
remains the same before and after impregnation. That result implies
not work. 
Apart from the chemical analysis
The fig. below shows the XRD diagrams of the Concrete samples impregnated and not 
impregnated. 
 
 
 
 
 
 
Graph 3.12. Comparative
of the impregnated rec
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The XRD shows that the amount of portlandite is very poor in this type of concrete. 
Porlandite is a scarce compound in this type of material, and since the impregnation products 
did not have the desired effect of penetrating through the pores, the volume of portlandite has 
not suffered any variation, meaning that the pozzolanic reaction has not taken place 
The results from the density and water absorption tests, before and after surface 
treatment, are shown below for comparison. 
The physical characteristics are determined from the average of three tests, in the case 
of the water absorptions, four in the case of the bulk densities and, finally the particle density is 
determined directly by the value obtained from just one test if the deviation is lower than 0,005 
%. 
PRESSURE BULK DENSITY 
PARTICLE 
DENSITY 
POROSITY 
WATER 
ABSORPTION 
Untreated recycled concrete aggregates from Weimar 
Atm. 2,2119 2,6733 17,260% 6,176% 
Treated recycled concrete aggregates from Weimar with Sheet microsilica 
42 2,2294   6,729% 
270 2,2541   5,710% 
477 2,2164   6,361% 
727 2,2299   6,293% 
Atm. 2,2541   6,563% 
 
Table.3.15. Comparative table of water absorption, densities and porosity of the Recycled 
concrete aggregate from Weimar impregnated with Sheet microsilica 
 
 
PRESSURE BULK DENSITY 
PARTICLE 
DENSITY 
POROSITY 
WATER 
ABSORPTION 
Untreated recycled concrete aggregates from Weimar 
Atm. 2,2119 2,6733 17,260% 6,176% 
Treated recycled concrete aggregates from Weimar with Spherical microsilica 
42 2,2434 2,7084 17,171% 6,136% 
270 2,2190 2,6711 16,926% 6,816% 
477 2,2254 2,6921 17,336% 6,922% 
727 2,1906 2,6934 18,668% 5,825% 
Atm. 2,1573 2,6695 19,188% 5,585% 
 
Table.3.16. Comparative table of water absorption, densities and porosity of the Recycled 
concrete aggregate from Weimar impregnated with Spherical microsilica 
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PRESSURE BULK DENSITY 
PARTICLE 
DENSITY 
POROSITY 
WATER 
ABSORPTION 
Untreated recycled ceramic aggregates  
Atm. 1,5369 2,9181 47,330% 28,938% 
Treated recycled ceramic aggregates with Spherical microsilica 
Normal Clay Brick, Before Impregnation 
20 1,5499 2,8928 46,424% 27,677% 
244 1,5493 2,9109 46,776% 28,148% 
479 1,5490 2,8637 45,910% 28,287% 
736 1,5317 2,9320 47,759% 27,207% 
950 1,5238 2,9296 47,986% 26,919% 
   
Table.3.17. Comparative table of water absorption, densities and porosity of the Recycled 
ceramic brick aggregate impregnated with Spherical microsilica 
 
PRESSURE BULK DENSITY 
PARTICLE 
DENSITY 
POROSITY 
WATER 
ABSORPTION 
Untreated recycled calcium silica brick aggregates 
Atm. 1,8478 2,7019 31,608% 15,122% 
Treated recycled calcium silica brick aggregates with Spherical microsilica 
20 1,8673 2,7468 32,021% 14,807% 
244 1,8709 2,7231 31,295% 14,219% 
479 1,8756 2,6809 30,039% 14,556% 
736 1,8689 2,6760 30,161% 14,996% 
950 1,8775 2,7217 31,016% 14,572% 
   
Table.3.18. Comparative table of water absorption, densities and porosity of the Recycled 
calcium silica brick aggregate impregnated with Spherical microsilica 
 
PRESSURE BULK DENSITY 
PARTICLE 
DENSITY 
POROSITY 
WATER 
ABSORPTION 
Untreated recycled light brick aggregates 
Atm. 1,0352 2,5830 59,925% 60,811% 
Treated recycled light brick aggregates with Spherical microsilica 
20 0,9381 2,6064 64,007% 61,379% 
244 1,0112 2,6139 61,316% 57,527% 
479 0,9571 2,5916 63,071% 57,226% 
736 0,8685 2,5057 65,339% 58,192% 
950 0,9391 2,6305 64,301% 59,624% 
 
Table.3.19. Comparative table of water absorption, densities and porosity of the Recycled  
light brick aggregate impregnated with Spherical microsilica 
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In theory, silica particles should have penetrated the surface, thus increasing the bulk 
density. However, none of the cases in the above tables show a clear increase, or even a 
tendency to increase, of bulk density. 
 The particle density case is different.  Theoretically, if the impregnation is carried out, 
the particle density had to decrease after the impregnation treatment. This is because the 
particle density of the impregnation products is lower (2,2 g/cm
3
) than the particle density of the 
materials treated.  
 
 There is no significant decrease in the porosity in the treated aggregates when 
compared to the untreated ones. The same can be said about water absorption. 
 
As we know, the aim of this project is to improve the qualities diminishing the porosity, 
but in the previous results that was not reflected. The impregnation test did not prove to be 
successful in reducing the porosity neither in the concrete aggregate samples, nor in the brick 
aggregate samples.  
 
 Graph 3.13. Cumulated pore volume distribution through Mercury Intrusion Porosimetry  
of the RCAW after vacuum impregnation method 
 
 
The above graph of pore volume distribution for the RCAW after sheet microsilica 
impregnation does not show any variation regarding the untreated aggregates. 
Below you can see the main cause of the test failure. Most of the microsilica was stuck 
on the surface, creating a skin that prevents the entrance of particles of silica inside of the 
material. 
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After the vacuum period, it was shown that the Sheet microsilica didn’t work. All the 
silica dispersion was stuck to the surface and it could not enter into the concrete samples. In 
addition, after 24h. the dispersion had almost completely hardened, almost all water had been 
evaporated. 
 
         
 
 
 
 
 
 
 
 
 
 
 
 
               A) Impregnated samples just                     B) Impregnated samples a little clean 
                       after vacuum period                                only with water, without brushing 
                                             Fig.3.30. Sheet microsilica impregnation 
 
With spherical microsilica vacuum impregnation we obtained the same unsuccessful 
results as with sheet microsilica. It formed a layer stuck on top of the surface, and it did not 
enter through the pores.  
 
 
 
 
 
 
 
 
Fig.3.31. CSB, NB and LB, at 250 mbar of pressure 
After these results were examined, we decided another method should be tried.  
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3.4.3.2 Rotating Impregnation 
To check the efficacy of surface porous filling of the rotating machine test, the following 
tests were carried out:  pore size distribution through Mercury intrusion porosimetry, 
Mineralogical Analysis through X-Ray Diffraction (XRD), Water absorption and densities and the 
crushing factor.  
The results obtained from these tests were compared to the results from testing 
untreated material. 
The graph below represents the water absorption results obtained from the rotating 
impregnation with Spherical microsilica and nanosilica at atmospheric presures of the RCAW, 
RCBA, RCSBA and RLBA, for different content solid of active material.  
This graph shoes a clear tendenciy: the higher the solid content, the worst the results 
will be for all the samples. 
On the one hand, the water absorption rate of the RCAW and RCBA is best for a 10% 
of solid content for both, Spherical microsilica and Nanaosilica.  
On the other hand, for RCSBA and RLBA a 25% of solid content of Nanosilica is the 
best result.  
 
Graph 3.14. WA decreasing after rotating impregnation test 
 
 
According to all the data gathered so far, the impregnation with Spherical microsilica 
and nanosilica at atmospheric pressures of the RCAW, RCBA, RCSBA and RLBA, for different 
-6,00%
-4,00%
-2,00%
0,00%
2,00%
4,00%
6,00%
8,00%
10,00%
Rotating Test
Recycled ceramic brick aggregates
Recycled light brick aggregates
Recycled concrete aggregates from Weimar
Recycled calcium silica brick aggregates
Chapter 3. Methodology and experimental program 
 
80 
 
solid content of active material, does not prove to decrease the water absorption in the tested 
samples. 
At this point of the research, it was decided to conduct a mercury intrusion porosimetry 
(MIP) to determine the pore size distribution after surface treatment in RCAW and then compare 
the results with the ones of the untreated RCAW. The pore diameters that can be measured by 
MIP vary from 0.001 µm to 1000 µm according to the pressure used. 
 
 
Graph 3.15. Cumulated pore volume distribution through Mercury Intrusion Porosimetry  
of the RCAW after rotating impregnation method 
 
Above, the pore volume distribution shows a clear inflection point at pore radius 0,07 
µm for the RCAW after spherical microsilica impregnation. Between 0,001 and 0,07 µm, in the 
aggregates treated with spherical microsilica, the volume of pores increases; against between 
0,07 and 1000 µm, where the volume pores decrease in reference of the untreated aggregates. 
This means that the spherical microsilica impregnation makes finer some of the pores of the 
treated aggregates. On the other hand, the pore volume distribution for the RCAW after 
nanosilica impregnation does not show any variation compared to the untreated aggregates. 
 
3.4.3.3 Cyclic dry and wet impregnation 
A follow up of the water and spherical microsilica absorption by the RCAB was carried 
out to test the efficiency of cyclic dry and wet impregnation.  
The results obtained after these 14 cycles, show a progressive decrease of absorption: 
the initial absorption of 5% was reduced in around 0,45%. This result implies that repeated 
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cycles of dry and wet impregnation allow that a higher quantity of impregnation product can 
penetrate the surface, as opposed to just one cycle. 
 
Graph 3.16. Water absorption during the cycling impregnation test 
 
3.4.3.4 Rotating double impregnation 
As it is known, the main goals of the rotating double impregnation are two: on the one  
hand we aim for the filler function; and on the other hand, we want the aggregate densification 
trough a pozzolanic reaction. 
The evaluation of this method, the calcium hydroxide and colloidal silica impregnation, 
was done using the following methods: Mineralogical Analysis, Water absorption and densities, 
and the crushing factor. The results for the treated and untreated material were then compared. 
Below, the mineralogical study of the RCAB. The study shows the spectrums before 
impregnation, at 10 days of hydration, and at one month of hydration. In the diffractogram of the 
concrete without any impregnation, we find portlandite, calcite proceeding of some remains of 
limestone aggregates, and two anhydrous silicates.  
On the graph 3.17, the diffractograms of the samples before impregnation are 
compared, after 10 days of hydration, and after 1 month of hydration. The results can be 
summarised as follows: 
- The level of portlandite decreases when the time of hydration is increased. After one 
month of hydration the amount of portlandite diminishes considerably from the volume existing 
4,30%
4,40%
4,50%
4,60%
4,70%
4,80%
4,90%
5,00%
5,10%
5,20%
P
e
rc
e
n
ta
g
e
 o
f 
a
b
so
rp
ti
o
n
Cycles
Cycling MS Spherical Impregnation
IMPREG. MS WA.MS IMPREG.NS
WA.NS Lineal (IMPREG. MS) Lineal (WA.MS)
Lineal (IMPREG.NS) Lineal (WA.NS)
Chapter 3. Methodology and experimental program 
 
82 
 
before the impregnation. However, at 10 days of hydration the peak of the portlandite increases 
regarding the initial amounts due to the calcium hydroxide impregnation. 
-  The Calcite, the quartz and the calcium silicate, remain constant in all the phases. 
The mineralogical results prove that the pozzolanic reaction has been carried out. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Graph 3.17. Comparative Mineralogical Analysis through X-Ray Diffraction (XRD) of the treated 
recycled concrete aggregates from Barcelona with colloidal silica impregnation  
at different period of hydration  
 
Besides the mineralogical analysis of the RCAB, we carried out the crushing test for 
treated materials at different hydration periods, and then the results of the treated material were 
compared to the results obtained for the untreated one. We decided to use that specific test 
because we could compare our results with a benchmark, since other papers have already 
been published on the matter [21, 25]. 
To establish a comparison background, the same tests were done for limestone and 
granite aggregates, and then the results compared to the ones obtained for the recycled 
aggregates, treated and untreated. 
The table below shows the differences between the crushing factor values of the 
recycled concrete aggregates and the granite and limestone aggregates under the same 
conditions. The table shows the comparison between the results of the test for the RCAB 
untreated; the RCAB impregnated with calcium hydroxide and colloidal silica at 10 days of 
hydration; the RCAB impregnated with calcium hydroxide and colloidal silica at 1 month of 
hydration; the untreated granite aggregates; and the untreated limestone aggregates. 
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TEST 
CRUSHING 
VALUE 
RCAB untreated 30 ≈ 31 
RCAB impregnated at 10 
days of hydration 
28,7 ≈ 29 
RCAB impregnated at 1 
month of hydration 
27,5 ≈ 28,5 
Untreated limestone 
aggregates 
23 ≈ 24 
Untreated granite 
aggregates 
12 ≈ 13 
Table.3.20. Crushing value before and after  
calcium hydroxide and colloidal silica impregnation 
 
The granite aggregates have the smallest crushing value, unlike the untreated recycled 
aggregates which have the highest value.  The higher the value of the crushing test, the worst is 
the resistance of these aggregates. 
On the other hand, the following graph represents the young modulus obtained from the 
crushing value test. To make the graph, we used the data from the hydraulic press; the 
strength, the time and the piston stroke. 
 
Graph 3.18. Young modulus  
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The previous graph shows that resistance increases as the samples increase the 
hydration period in the humid chamber. 
In order to corroborate the results of the crushing test, we proceeded to carry out the 
density saturated superficially dry and water absorption tests. 
 
Graph.3.19. Density saturated superficially dry and Water absorption before and after colloidal 
silica impregnation 
 
As can be seen in the above graph, the density follows a pattern of increasing at the 
same time that the period of hydration increases. On the other hand, the water absorption tends 
to diminish proportionally with the density increase.  
Regarding the results obtained in the density saturated superficially dry and water 
absorption, it is important to mention that they constitute approximate values and with low 
precision. Bearing this fact in mind, we took the results obtained only as a trend or pattern, 
which have to be studied more thoroughly. 
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Chapter 4 
 
Discussion 
 
4.1 ANALYSIS OF THE DEVELOPED PROCEDURES 
The results obtained in this study indicate an improvement in the quality of the recycled 
aggregates. 
After the experimental research using four types of silica products, the most effective 
impregnation has been the one that uses the calcium hydroxide and the colloidal silica 
dispersion.  
The research starts with an exhaustive study of the bibliography, and then proceeds to 
study the possible ways of improving the quality of recycled aggregates. At this moment, the 
accelerated carbonation and the surface treatments are the main ways in study to improve the 
properties of the recycled aggregates.  
The main problems of recycled aggregates can be summarised as: higher porosity, and 
hence higher water absorption, lower mechanical strengths, and the tendency for the impurities 
to stick to the surface, creating bad bonds between cement paste and aggregate when new 
concrete is produced.  
This study has tried to raise the quality of the recycled aggregates through the surface 
treatments, specifically by using the silica impregnation tests. The experimental program has 
been developed over time, in parallel with the results obtained. 
To develop the study, we used different kinds of recycled aggregates and different types 
of impregnation products.  
On the one hand, five different kinds of recycled aggregates have been used: recycled 
concrete aggregate from Weimar (RCAW), recycled concrete aggregate from Barcelona 
(RCAB), recycled ceramic brick aggregate (RCBA), recycled calcium silica brick aggregate 
(RCSBA), and recycled light brick aggregate (RLBA).  
On the other hand, we used four types of impregnation products: sheet microsilica 
(CENTRILIT NC), spherical microsilica (CENTRILIT FUME SX), nanosilica, and colloidal silica 
(ISOSIL AN 3 NF). 
To improve the surface qualities of the recycled aggregates, different methods of 
impregnation were used: 
- The vacuum impregnation. This impregnation consists on submerging the samples in 
the impregnation product dispersion under low pressures during 20 hours.  
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- The rotating impregnation. This method is based on a dynamic impregnation by using a 
rotating machine. The impregnation takes place under atmospheric pressure during 20 
hours. 
- The cyclic dry and wet impregnation.  This technique consists on repeating the same 
silica impregnation several times. This impregnation was made using a rotating machine 
for 30 minutes. 
- The rotating double impregnation. This impregnation was carried out in two steps. A first 
impregnation was done with calcium hydroxide during 30 minutes, after which we 
proceeded to carry out the colloidal silica impregnation during 24 hours, both of them 
using a rotating machine. After the impregnations, the samples are stored in a humid 
chamber to facilitate the pozzolanic reaction. 
All of the above methods were evaluated in order to know the success of the surface 
treatment. For that, different tests were used: mercury intrusion porosimetry, X-ray fluorescence 
spectrometry, X-ray diffraction, scanning electron microscopy, water absorption and densities 
and crushing factor. 
The results obtained from the methods to evaluate the success of the surface treatment 
are shown below: 
- Vacuum impregnation. According to the chemical analyses we can see that the amount 
of SiO2 remains the same before and after impregnation; the volume of portlandite has 
not suffered any variation either, meaning that the pozzolanic reaction has not taken 
place; the water absorption and porosity of treated samples did not present a clear 
decrease when compared to the untreated ones. For all these reasons, we can say that 
we obtained unsuccessful results. 
- Rotating impregnation. The water absorption and the mercury porosimetry were carried 
out to check the method developed. According to all the data gathered, no decrease of 
the water absorption in the tested samples could be proved. Neither could any 
appreciable decrease of the pore volume trough the mercury intrusion porosimetry test. 
- Cyclic dry and wet impregnation. The results obtained after 14 cycles show a 
progressive decrease of absorption: the initial absorption of 5% was reduced in around 
0,45%. 
- Rotating double impregnation. The X-ray diffraction results show that the level of 
portlandite decreases when the time of hydration is increased, proving that the 
pozzolanic reaction took place. The density and the water absorption were also studied, 
the results of these tests not pointing out a clear decrease of the water absorption or an 
increase of the density of the treated samples. On the other hand, besides the 
mineralogical analysis, we carried out the crushing factor, which shows a clear 
resistance increase of the treated recycled concrete aggregates.  
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4.2 EFFICIENCY OF THE SURFACE TREATMENTS ON THE RECYCLED AGGREGATES 
WITH CALCIUM HYDROXIDE AND COLLOIDAL SILICA DISPERSION  
According to the previous chapters, it is the colloidal cilica dispersion that has the finer 
particle size; on the other end, the sheet microsilica has the bigger one. Colloidal Silica is 
approximately 1000 times smaller than the cement grain size, as opposed to the sheet 
microsilica, which is only around 10 times smaller than the cement grain size. In the following 
paragraphs we can see the main reasons for having obtained good results with the colloidal 
silica product. 
The hydrated cement contains solid components and voids. The main solid components 
are Calcium Silicate Hydrate (CSH), Calcium Hydroxide (CH) and Calcium Sulfoaluminates 
(CS). CSH takes up about 50 to 60% the total volume, CH to between 20 to 25% of the volume, 
and CS takes up about 15 to 20%. On the other hand, the total voids in the concrete can be 
classified into four types: the spacing between CSH sheets take up about 1nm, the capillary 
voids take up about 10 to 1000 nm, the entrained air voids occupy about 100 µm to 1 mm, and 
the entrapped air voids occupy about 1 to 10mm. 
The colloidal silica dispersion used has a particle size of 10 to 20 nm. That means that 
this colloidal silica can go through the capillary voids up to the entrapped air voids, and at the 
same time that it can fill some of them. See diagram 3.9. 
In this project, the colloidal silica dispersion carries out two functions, on the one hand it 
acts as a filler, filling some voids and improving the hardened cement graded. And on the other 
hand it works as a pozzolanic material high reactive. The pozzolanic function is the main work 
of the colloidal silica dispersion.  
The basis of the pozzolanic reaction is an acid-base reaction between the CH 
(Portlandite) and silicic acid, obtaining CSH. Due to the puzzolanic reaction, the CSH increases 
its volume, and consequently the capillary voids and CH products decrease. 
As well as its role in reducing the capillary voids the pozzolanic reaction is also 
developed in the interstitial zone were the calcium hydroxide is more abundant. As it was 
already detailed in the bibliography review [23], the interstitial transition zone is a critical zone 
both of the recycled concrete aggregates and of the recycled concrete production. 
As it has already been mentioned in the previous section, the results obtained using the 
colloidal silica were evaluated trough the X-ray diffraction, water absorption and densities, 
crushing factor. According to the interpreted diffractograms we can see that the level of 
portlandite decreases when the time of hydration is increased. After one month of hydration the 
amount of portlandite diminishes considerably from the volume existing before the 
impregnation. However, at 10 days of hydration the peak of the portlandite increases regarding 
the initial amounts due to the calcium hydroxide impregnation. The mineralogical results prove 
that the pozzolanic reaction has taken place. 
On the other hand, the crushing factor indicates the facility of the aggregates to be 
crushed. As shown in section 3.4.3.4, recycled concrete aggregates before any impregnation 
have a value of around 30, and after the colloidal silica impregnation this value decreases, until 
it reaches a value of 29 ten days after hydration, and around 28 one month after hydration. 
These results mean that the function of colloidal silica as filler and pozzolanic activator have 
taken place. 
To understand the results obtained from the crushing factor of the recycled concrete 
aggregates studied, they will be framed in the context of the two types of natural aggregates 
used in Catalonia for concrete, the limestone and the granitic stone. 
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Diagram 
 
The crushing value of the recycled concrete aggregates after impregnation is
four points higher than the crushing value of the limestone. 
best value: 13, 15 points below the value of recycled concrete aggregates. This result shows 
the small difference between the treated recycled concrete aggregat
aggregates often used in concrete
Furthermore, dry surface tests were carried out to test the water absorption and the 
density of saturated particles. The results of these tests do not point out a clear decrease of the 
water absorption or an increase of the density of the treated samples. 
The fine silica particles cannot fill all the 
inside the porous structure makes the pores smaller, thus increasing the capillary property. 
In addition, another factor that influences the results of all the tests conducted is the 
temperature of drying. The crushing value, the water absorption and the densities tests, were all 
tested with samples dried at 110 ± 5 ºC. 
because the dehydration of it occurs below 100 ºC. [26] 
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4.3 STUDY OF COSTS 
To verify the economical viability of the study developed, two comparative budgets have 
been done. 
These budgets have been calculated considering a specific situation, such as the 
following one: a work of demolition, where constructing will be necessary again in the same site. 
The predominant material must be concrete, with sufficient quantity to be recycled and 
afterwards reused as a new concrete or granular base. 
 
Utilization of natural aggregate from quarry 
UNIT CONCEPT 
UNITARY 
PRICE 
T
 
Transport by metallic container of inert waste or not dangerous to 
authorized installation of 12 m
3
 of capacity. Density considered 1,45 
t/m
3
. 
19,55 
T 
Controlled disposal in authorized dump, construction and demolition 
waste, included canon of disposal.  
Density considered 1,45 t/m3. 
18,97 
T Truck for transport of 12 t. Reversed time 3 hours. 9,63 
T 
Gravel of quarry of calcareous stone, of maximum size 20 mm, for 
concretes. 
16,81 
T Total 64,95 € 
Table.4.1. Budget of the utilization of natural aggregates in a specific situation 
 
Utilization of recycled concrete aggregates from construction and demolition waste 
UNIT CONCEPT 
UNITARY 
PRICE 
T
 
Recycling of construction and demolition concrete waste in the same 
site where they were produced, obtaining recycled gravel, of maximum 
size 20 mm for concretes. 
 
It was considered to use a recycling machine with can achieve a production of 
300 t/h. 
 
6,00 
T 
Treatment of recycled aggregates to improve their properties through 
the colloidal silica impregnation. 
 
We need 10 kg of solid content of colloidal silica to impregnate 1T of recycled 
aggregates. Considering that the price of colloidal silica dispersion with 30% 
of solid content concentration costs 1,66 €/kg, we need 33 kg of dispersion to 
impregnate 1T of aggregates. Including calcium hydroxide impregnation, 
workforce and the necessary machinery. 
 
56,00 
T Total 62,00 € 
Table.4.2. Budget of the utilization of recycled concrete aggregates in a specific situation 
 
According to the attached tables, the utilization of treated recycled concrete aggregates 
is comparable to the utilization of natural aggregates in the specific scenario described above, 
where the recycling of CDW can be developed in the same site where the recycled aggregates 
will be used. 
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Chapter 5 
  
Conclusions 
 
An impregnation method with calcium hydroxide and colloidal silica has been used to 
improve the qualities of the recycled concrete aggregates. The nano-size of the colloidal silica, 
a dispersion of an inert and pozzolanic product, has improved the properties of the RCA. 
Based on the experimental program carried out, the results suggest the following 
conclusions:  
- According to the EU Waste Framework Directive, the member states have to 
achieve a 70% of recycling quota for construction and demolition waste until 
2020 (EQAR). Moreover, the actual background of the construction and 
demolition waste gives place to research about this type recycling, it is very 
necessary to solve the dump and the quarry problems. 
 
- Treated recycled concrete aggregates can be a valuable material for building, 
bearing in mind as technical considerations as much as sustainable and 
economical parameters. 
 
- The pozzolanic colloidal silica material reduces the crushing factor of the 
recycling concrete aggregates, but it does not show a substantial decrease of 
the porosity.  
 
- The treated recycled concrete aggregates can be comparable with the limestone 
aggregates, used in Catalonia for concrete, in terms of resistance. 
 
- The impregnation developed will improve the interfacial zone between the RCA 
and the cement paste in a new recycled concrete. The nanosilica product 
densifies the mortar surface, thus allowing a better pozzolanic reaction. 
 
- Regarding study of costs, it must be pointed out that although the colloidal silica 
dispersion is expensive, but only a small amount of solid content is necessary to 
impregnate the aggregates.  
 
- In specific situations, the treated recycled concrete aggregates are economically 
competitive with the natural aggregates from the quarry.  
 
- The recycled aggregates utilization means the reduction of the number of 
dumps, the preservation of the natural resources and, the decrease of the 
carbon dioxide emissions due to cement production and transportation. 
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According everything that has been exposed, future lines of research will be necessary 
to achieve better results. Some of these  future lines of research are detailed below: 
- To carry out the production of concrete with treated aggregates, comparing the 
properties with recycled concrete made of untreated aggregates. The concrete 
production has to be tried with two types of impregnation, on the one hand the 
impregnation with calcium hydroxide and colloidal silica, and on the other hand 
only with colloidal silica. 
 
- Try the impregnation under vacuum pressures by rotating machine. 
 
- Try the method developed with other nanosilica products. 
 
- Use measurement methods that will allow us to know precisely how much solid 
content of silica products have penetrated inside the recycled aggregates and 
which reactions took place. 
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